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ABSTRACT 
Today, an increasing amount of phosphorus (P), both organic and 
inorganic P, is supplied from the terrestrial to the marine environment. Most of 
this increase can be traced to human activities, resulting in the undesirable 
consequence for coastal ecosystems. Tokyo Bay is one example of a coastal 
marine environment affected by P run-off. Thus, information about behavior 
of P in estuaries and coastal areas is urgently needed in understanding the 
impact of human activities on the marine environment. 
Phosphorus is one essential element for maintaining marine primary 
production. It is eventually removed from the water column to bottom sedi-
ments after cycling through a complex series of abiotic and biotic processes. 
Although it is estimated that up to 50'/･ of this P is buried to sediments as 
organic P compounds, the chemical nature and forms of org~nic P compounds 
in marine sediments have been left for future studies. Organic P in coastal 
sediments is thought to be a mixture of refractory organic P compounds 
produced by in situ biological processes and those supplied from terrestrial 
run-off. However, information concerning terrigenous organic P in marine 
environments is quite limited. The goal of this study is thus to trace the fate of 
terrigenous organic P compounds in coastal environments, particuiarly inositol 
hexaphosphate (IP6)' because IP6 has been identified as a major component 
of organic P compounds in terrestrial plants and soils. 
The first step of this study was to establish methods for isolation and 
determination of IP6 in marine sediments. Second, the developed method was 
applied to a study of the origin and distribution of IP6 in Tokyo Bay. Third, IP6 
i 
was subjected to laboratory experiments to determine how resistant this P 
cornpound is to microbial processes. Lastly, the fate of IP6 in marine sedi-
ments and its role in coastal ecosystems were considered based on the infor-
mation obtained through these studies. 
Isolation and determination of IP6 isomers in marine sediments 
A technique combining hypobromite oxidation and anion-exchange 
chromatography was examined for the extraction. and isolation of IP6 in marine 
sediments. Phosphorus compounds extracted from Tokyo Bay sediments 
were separated to six fractions. Two fractions were revealed to be a mixture 
of IP6 isomers based on the analytical results from IP6 standard analyses and 
literature data. It was further confirmed by the IH-NMR, GC and GC-MS 
techniques that these fractions were composed of three kinds of the IP6 
isomers: myo-, scyl/o- and chiro-lP6' 
For quantitative determination of IP6 in marine sediments, recovery and 
precision of the method were investigated. The recovery of myo-IP6 added to 
a sediment sample was 80.2 :!: I ,2･/･. The relative standard deviation of the 
four replicate analyses for a sediment sample was :!: 9.9･/･ of the mean at the 
level of 0.12 umol P/g. In this case, it was found that the analyiical precision 
was further improved by using an empirical equation to estimate the blank 
value for anion-exchange chromatography. These results showed this is the 
enough sensitive method for studying IP6 variabiffty in marine sediments. 
Origin and distribution of IP6 in Tokyo Bay sediments 
In order to clarify the origin of IP6 found in Tokyo Bay sediments, 
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several source materials such as plankton, soil and riverine samples were 
submitted to the above mentioned method. 
The presence of IPe was not found in zoo- and phyto-plankton com-
posite samples netted from Tokyo Bay or in a pure cultured diatom sample 
(Skeletonema costatum). Thus, plankton was concluded not to be a signifi-
cant source supplying IP6 to sediments. On the other hand, soils collected 
from the catchment areas of major rivers flowing into the bay showed high 
concentrations of IP6' ranging from 0.25 to 5.65 pmol P/g. Samples of sus-
pended matter and estuarine sediments from these river systems also con-
tained a significant amount of IP6' 
The distribution pattern of IP6 in the surface sediments from Tokyo Bay 
showed relatively high concentrations in these estuarine areas, decreasing 
gradually toward the bay mouth. In addition, the IP6 in coastal sediments was 
composed of the three isomers in the same order of abundance as those 
found in soils, riverine suspended matter and estuarine sediments: myo- >> 
scyl/o- > chiro-. As a result, IP6 in Tokyo Bay sediments was ascribed to 
terrestrial soils transported by rivers from catchment areas to the bay. 
This study represents the first reported investigation of the abundance 
of IP6 in marine sediments. The concentration of IP6 in coastal sediments 
ranged from 0.01 to 0.27 pmol P/g accounting for less than 3･/･ of the total 
organic P. The rapid disappearance of IP6 was observed at the top few 
centimeters of the sediments. These results strongly suggested that IP6 is not 
a major component of organic P buried in marine sediments, even though IP6 
represents an important and stable traction of organic P supplied by rivers. 
During chemical separation and analysls of IP6' the presence of 
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unknown and refractory organic P component was identified in all samples 
studied here: plankton, soils, riverine particulate and coastal sediments. In 
contrast to IP6' the concentration of these refractory compounds was observed 
to be fairly constant from the surface to the bottom (25 cm) of Tokyo Bay 
sediments, suggesting that they are microbiologically stable during early 
diagenesis. This component would therefore be expected to accumulate in 
marine sediments without degradation. More detail studies will be required to 
elucidate the chemical character of these refractory organic P compounds. 
Mineralization of IP6 in marine environments 
The low concentration of IP6 in Tokyo Bay sediments suggests active 
microbial mineralization of IP6 under environmental conditions present in 
coastal sediments. Thus, the stability of IP6 in the marine environment was 
further evaluated under laboratory conditions to determine to what extent and 
under what conditions IP6 is susceptible to microbial attack. 
Although IP6 is known to be a chemically refractory compound resistant 
to acid and aikali treatments, IP6 added to a experimental sedimenVseawater 
system was effectively mineralized to inorganic P by microbial activity for 10-
40 days at 20 :!~ 5 'C. The laboratory experiments also demonstrated that the 
mineralization of IP6 was strongly regulated by the redox condition within the 
sediments: under anaerobic conditions, IP6 decomposed ~Llmost completely 
within 40 days, whereas 50-80'/･ of added IP6 remained under aerobic condi-
tions during a 60 days experiment. From these results, IP6 Was concluded to 
be a labile organic P compound in marine environments. The sharp decrease 
in IP6 Concentration obsen/ed in the topmost marine sediments was ascribed 
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to microbial mineralization under anaerobic conditions during early diagenesis. 
Integrated djscussion 
Three IP6 isomers isolated ftom coastal sediments were identiWed to be 
terrigenous organic P compounds originating from soiis. However, IP6 was 
only a minor constituent of organic P compounds even at the water/sediment 
interface. This compound was concluded not to be a quantitatively important 
component of organic P buried in marine sediments, because of being micro-
bially labile in marine environments. Laboratory experiments supported this 
conclusion. 
The IP6 transported by rivers from land to coastal sediments is decom-
posed by aerobic and anaerobic microbial processes, and released to the 
overlying water as available P for primary producers. This result increases the 
importance of terrigenous IP6 as a potential source of available P. This also 
suggests that other terrigenous organic P compounds can strongly modify the 
abundance and cycling of P in coastal ecosystems, even though being chemi-
cally refractory such as IP6' The chemical stability of organic P compounds 
does not assure their long-life under natural conditions. 
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CHAPTER 1 
GENERAL INTRODUCT[ON 
1 .1 PHOSPHORUS CYCLE IN MARINE ENVIRONMENTS 
1. 1.1 Phosphorus in marine ecosystems 
Phosphorus (P) plays a significant role in various biological/biochemical 
processes in nature: e.g., the evolutionary development of life, the formation of 
cell membranes and various organella, and the energy-consuming reactions 
in organisms. All marine organisms, of course, require P to live. Therefore, it 
can be clearly said that the marine ecosystems rely upon the availability of P. 
The primary productivity in the ocean is limited by the availability of P and 
nitrogen (N) as nutrients (e.g., Ryther and Dunstan, 1971; Holland, 1978; 
Broecker and Peng, 1982; Smith, 1984). These nutrients are often depleted 
by the active photosynthetic production of organic matter within the surface 
photic layer of the ocean. Because certain algae and microorganisms such as 
cyanobacteria fix N2 from the atmosphere. P is believed to be the limiting 
nutrient for the global oceanic productivity on geologic time scales (Redfield, 
1958; Holland, 1978; Broecker and Peng, 1982). 
In addition to the role of P in global primary productivity, there is anoth-
er side to this element as an environmental factor on more regional and short-
er time soales. The role of P as a pollutant is significant in marine environ-
ments. During past several decades, man's activities have lead to excess 
inputs of P and N to the marine ecosystem; Iarge amounts of these nutrients 
are supplied to the marine environments as the result of fertilizers utilization 
and soil erosion with deforestation. In particular, coastal areas, where are 
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especially impacted by the large quantities of P associated with human waste, 
have resulted in eutrophication with the destruction of ecosystems and habi-
tats in the areas. The destruction of coastal ecosystems has caused serious 
damage to coastal fisheries and culture. 
Marine environments and productivity are tightly linked with the avail-
ability, amount and cycle of phosphorus and related other hutrients on a wide 
scale in time and space. A complete understanding of the P cycle in marine 
systems is therefore useful for predicting the future change in globai and 
regional environments. In this chapter, the directions for studying the P cycle 
in marine processes are pointed out through reviewing literature information. 
In addition, the information needed to construct more precise models of the P 
cycle in marine ecosystems and to evaluate the environmental destruction in 
coastal areas is discussed. 
1. 1.2 Budget of phosphorus in the ocean 
Phosphorus is the eleventh most abundant element in the earth's crust 
and constitutes about 0.1･/･ of the mass of rocks and sediments (McKelvey, 
1973). The concentration of dissolved reactive phosphate (DRP) in seawater, 
however, is very low, an average of 2.3 pmol/1 (Redfield, 1958). It ranges from 
essentially none in surface waters to approximately 10 pmol/1 in some deep 
waters (Gulbrandsen and Roberson, 1973). In this study, the term of DRP is 
used as the biological available form of phosphorus dissolved in natural 
waters. The total amount of DRP in the ocean is estimated tQ be about 2.7 x 
1015 mol from the average concentration and the total mass of seawater. For 
better understanding of the marine P cycle, it is important to know factors 
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controlling the inventory of oceanic P such as pathways, rates and mechanism 
of input and removal. 
Several input pathways of P to the ocean can be considered: continen-
tal weathering (flvvial and aeolian fiuxes), submarine hydrothermal input and 
submarine exchange reaction at sea-floor basalts. The atmospheric contribu-
tion is small (Graham and Duce, 1979; Meybeck, 1982; Mackenzie et al., 
1993), unlike those of carbon and nitrogen. The submarine inputs are aiso 
considered to be not a source of P to the ocean (Froelich et al., 1982). Thus, 
the fluvial flux is the most important source for P in marine ecosystems. 
Estimating from the available data of Froelich et al. (1 982) and Meybeck 
(1982), values of the fluvial P flux to the ocean are (1 .3-5.8) x 1010 mol/yr for 
DRP and (6.8-7.7) x 1011 mol/yr for total P. The particulate P flux (6.6 x 1011 
mol/yr) accounts for 95･/o of the total P flux: 3.9 x 1011 and 2.6 x 1011 mo[/yr for 
particu]ate inorganic P (PIP) and organic P (POP), respectively. 
At present, there is no evidence that a significant amount of volatile P 
compounds, such as phosphine, are released from sea water to atmosphere. 
Assuming steady state in the ocean, the amount of P supplied to the ocean 
should be balanced by the amount of P removed to marine sediments. These 
estimates yieid a residence time of 104 to 105 for DRP in the ocean, which are 
fairly consistent with those estimated by other oceanographers (e.g., Gul-
brandsen and Roberson, 1973; Ho[Iand, 1978; Broecker and Peng, 1982). 
Various studies have shown that P is buried in marine sediments as 
organic matter (i.e., as organic P), adsorbed P on biogenic calQium carbonates 
(CaC03), authigenic apatite, as metalliferous sediments, as ~sh debris (e.g., 
Berner, 1973; Suess, 1981 ; Froelich et al., 1982: Sherwood et ai., 1987; 
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Ruttenberg and Berner, 1993). Among them, burial of organic P is a quantita-
tively important sink of DRP (Froelich et al., 1982; Mach et al., 1982; Ingall and 
Van Cappellen, 1990). Froelich et al. (1982) estimated buria[ rate of organic P 
to sea-floor to be I .5 x 1010 mol/yr accounting for about 40'/･ of the input rate 
of DRP to the ocean (3.9 x 1010 mol/yr). Many authors have given attention to 
burial of organic P because of its importance in marine sediments (Morse and 
Cook, 1978; Filipek and Owen, 1981; Krom and Berner, 1981; Suess, 1981; 
Kamatani et al., 1984; Mach et al., 1987; Ingall and Van Cappellen, 1990; 
Ingall et al., 1990; Suzumura and Kamatani, 1993a). During photosynthetic 
production at the sea surface, carbon and phosphorus are transformed to 
organic matter and delivered to the sea-floor. A portion of this organic mat-
ters escapes degradation within the water column and is an important source 
of organic P in marine sediments. 
1. 1.3 Phosphorus cycle in coastal areas 
Coastal regions (estuaries and bay areas) are boundaries between 
human life and the ocean ecosystems. The seven largest metropolitan areas 
(accounting for some 50 million people, New York, Tokyo, London, Shanghai, 
Buenos Aires, Osaka and Los Angels) have discharged nutrients and other 
pol]utants into the estuaries they border upon (Myers, 1984). The coastal 
areas are important as pollutant filters and as natural buffers between land 
and sea. Rapid changes in chemical properties (e.g., salinity and pH) and 
active biological and microbiological processes within the areas can strongly 
influence the behavior of terrigenous substances delivered by rivers. 
Several factors controlling the P cycle in the estuaries and coastai 
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areas have been studied: adsorption/desorption equilibrium between particu-
late and water phases, biological uptake or release of DRP, and processes of 
burial and regeneration in coastal sediments. The mechanism of 
adsorption/desorption equilibrium is important on controlling DRP concentra-
tions in estuarine waters (Liss, 1976; Froelich et al., 1982; Kaul and Froelich, 
1984; Fox et al., 1986; Froelich, 1988; Lebo, 1991). In addition to the chemi-
cal processes, the biological uptake and release of DRP can strongly affect 
the P cycle in coastal areas. The primary production rates are extremely high 
in coastal areas; although estuaries account for only 0.4'/･ of the entire ocean 
in area, they account for 4'/･ of the organic C production (Romankevich, 1 984). 
The DRP delivered to the areas is utilized and transformed to organic P 
compounds during the course of active photosynthetic production. 
Whereas about 99･/･ of the primary production in deep sea region is 
regenerated in the water colvmn by the microbial activities, up to 50'/･ reaches 
to the sediments in continental margin (Muller and Suess, 1979; Suess, 1980; 
Broecker and Peng, 1982). In shallow coastal regions, it is expected that 
much larger amounts of organic matter and related organic P compounds are 
delivered to and regenerated in bottom sediments. In addition to the in situ 
produced organic P, the estuaries and coastal areas receive large amounts of 
terrigenous P. The large part of the fiuvial P flux to the ocean is in the particu-
late organic form (Meybeck, 1982: Lebo, 1991 ) which deposits to the bottom of 
estuaries and adjacent coastal areas. Some of these terrigenous POP 
compounds can be expected to undergo biodegradation prior to and during 
early diagenesis, with release to the overlying water column as DRP. Coastal 
sediments are therefore considered to be not only a sink of P, but also a 
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potential source. 
1.2 ORGANIC PHOSPHORUS IN MARINE SEDIMENTS 
1.2. I Phosphorus in sediments 
The concentration of P in the surface sediments trom coastal areas to 
open oceans ranges from about 10 to 60 pmol/g (e.g., Filipek and Owen, 
1981 ; Krom and Berner, 1981 ; Kamatani et al., 1984; Kamatani and Maeda, 
1989; Sundby et al., 1992; Martens, 1993; Ruttenberg and Berner, 1993). 
Much higher concentrations were reported in restricted areas such as the 
volcanogenic sediments from the East Pacific Rise (up to 480 pmol/g; Berner, 
1973; Froelich et al., 1977) and in phosphorite deposits (e.g., on the East 
Australian continental margin, greater than 300 pmol/g; Riggs, 1984; Rutten= 
berg and Berner, 1993 for reference). 
The components of P in sediments can be divided into two categories: 
inorganic and organic P. Further fractionation for inorganic P has been 
conducted using sequential extraction technique (Filipek and Owen, 1981 ; 
Ruttenberg, 1992). Ruttenberg (1992) separated 4 forms: (1) absorbed P, (2) 
P associated with ferric oxyhydroxides (Fe-P), (3) authigenic and biogenic 
apatite plus CaC03-bound P, and (4) detrital igneous and metamorphic fiuo-
rapatite. Ferric oxyhydroxides often promote enhanced retention of P through 
creating effective barrier to diffusive loss of dissolved phosphate from sedi-
ments (Krom and Berner, 1981 ; Froelich, 1988; Sundby et al., 1992). The Fe-
P controls the dynamics of porewater phosphate as a function_of redox state in 
the sediments; ferric oxyhydroxides scavenge and release dissolved phos-
phate from or to porewater within oxic and reducing regions, respectively 
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(Froelich et al., 1979; Krom and Berner, 1980, 1981). 
In contrast to inorganic P, almost no information has been provided for 
fractionation of organic P in marine sediments. The concentration of organic P 
in sediments has been indirectly determined as the difference between total P 
and inorganic P. In this case, two typical methods have been used: the igni-
tion and the sequential extraction methods. In the former, a sample is split 
into two aliquots and organic P is defined as the difference between the 
amounts of DRP extracted before and after ashing at 400-550 'C to convert 
organicaliy bound P to phosphate (Aspila et al., 1976; Suess. 1981). Two 
general type of sequential extraction methods have been used for organic P 
determination. Kamatani and his colleagues recommended an acid-alkali 
sequential extraction method in which organic P is defined as the sum of dif-
ference between the contents of total P and reactive P in the acid and alkali 
extracts from sediment samples (Kamatani et al., 1 984; Kamatani and Maeda, 
1989). In other sequential extraction methods, organic P is defined ~s a 
remaining fraction which is liberated with vigorous chemical digestion after 
removal of inorganic P phases (Filipek and Owen, 1981 ; Ruttenberg, 1992). 
Several potential sources of error in organic P determinations using 
these ignition and sequential extraction methods have been pointed out 
(Anderson, 1960; Sommers et al., 1970; Ingall and Van Cappellen, 1990; 
Oluyedun et al., 1991 ; Ingall et al., 1993; Suzumura and Kamatani, 1993a). 
Partial hydrolysis of organic P compounds during extraction and incomplete 
recovery of some uneasily-extractable organic P compounds have been 
regarded to cause over- and underestimation of the content of organic P in 
sediments, respectively (ingall and Van Cappellen, 1990; Oluyedun et al., 
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1991；Suzumura　and　Kamatanil1993a）．To　construct　the　more　reliable
method　for　determination　of　organic　P　in　sediments，the　information　on　the
nature　and　composition　of　sedimentary　organic　P　compounds　is　essential，
such　as　solubllity，chemical　stability　and　reactMty　with　co－existing　materials．
Nevertheless，it　is　hampered　by　the　fact　that　there　is　almost　no　information　on
the　chemicaほorm　of　organic　P　in　marine　sediments，
　　　　　Even　though　there　are　some　methodoiogical　uncertainties，measure－
ments　of　organic　P　concentrations　ln　sediments　have　been　widely　carried　out．
Mach　et　aL（1987）have　shown413data　of　organic　P　concentration　in　marine
sediments，ranging　from　O．3to10μmol／g．Several　studies　revealed　that
organic　P　accountsforabout10to40％ofthetotal　Pin　sediments（Filipekand
Owen，19811Krom　and　Bemer，19811Suess，19811Kamatani　et　al．，19841
Kamatani　and　Maeda，1989；Ruttenberg　and　Bemer，1993）．Concentrations
of　the　organic　P　preserved　in　marine　sediments　are　thought　to　be　affected　by
several　parameters二the　site　of　deposition（e．g．，distance　from　rivers）l　wiater
depthl　the　primary　productivity　in　the　overlying　water　columnl　and　the　diage－
netic　processes　in　sediments、The　former　three　parameters　controls　the
amount　and　qua踊ty　of　organic　P　depositlng　to　sediments。The　last　one　is　the
most　important　parameter　for　determining　the　fate　and　behavior　of　organic　P　in
marine　sediments，but　the　mechanisms　of　P　transformation　are　unknown。
ア．2．2αgaη’oρ加ma面e　sedlmθηオε
　　　　　Many　authors　have　attempted　to　understand　P　dlagenesis　ln　marine
sediments　with　kinetic　modeis　using　data　on　solid－phase　P　contents　and
concentrations　of　degradation　products　in　the　interstitial　water（Bemer，1974；
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Berner, 1980; Krom and Berner, 1981; Kamatani et al., 1984; Ingall and Van 
Cappellen, 1990; Ingall et al., 1993; Ruttenberg and Berner, 1993). In almost 
all of these studies, the key for further understanding is more knowledge on 
the chemical character of organic P compounds in sediments. 
Several studies have been done to characterize organic P in marine 
sediments. For example, 31P nuclear magnetic resonance (NMR) based on 
solution and solid-state magic angle spinning (MAS) technique has been used 
to study organic P in sediments (Ingall et al., 1990; Berner et al., 1993). Both 
the solution NMR for NaOH extracts from sediments and the solid-state MAS 
technique for acid-treated sediments identified the presence of phosphonates, 
orthophosphate monoesters and diesters in some sediment samples. Howev-
er, it must be noted that these NMR studies characterized only a portion of the 
organic P in sediments; more than half of the total organic P was not recov-
ered during extraction procedures. Orthophosphate esters occur in nature as 
various biogenic compounds: nucleotides, phospholipids, sugar phosphates 
and phosphoproteins. On the other hand, phosphonates are unique in their 
structures in which phosphorus is bonded into an organic molecule via a direct 
C-P bond. The chemical stability of the C-P bond presumably makes such 
compounds resistant to bacterial breakdown in sediments (Ingall et al., 1990). 
Because aminophosphonic acid, one of the phosphonates, has been found in 
an undifterentiated sample of marine phytoplankton and microzooplankton, 
comprising about 3･/. of the total P (Kittredge et al. 1969), such compounds 
may be a source of refractory organic P in sediments. 
Several authors have developed the methods for extraction and deter-
mination of adenosine triphosphate (ATP) in marine sediments (Karl and 
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LaRock, 1975: Bulleid, 1978; Christensen and Devol, 1980). Jahnke (1990) 
showed the vertical distributions of ATP at a few millimeters of depth interval in 
the sediments from Santa Monica Basin; the concentrations of ATP in the 
super surface sediments (0-2 mm) ranged from 50 to 200 pglg (0.32-1 .26 
pmol P/g), and decreased rapidly within the following several miilimeters. 
Tada et al. (1991 ) determined the concentrations of nucleic acid bases in 
sediments from the Harima-Nada, the Seto Inland Sea. Craven and her 
colleagues measured the rates of deoxyribonucleic acid (DNA) and ribonucleic 
acid (RNA) synthesis by microbial communities in sediments (Craven and 
Karl, 1984; Craven et al., 1986). Furthermore, Lorenz et al. (1981) extracted 
DNA from a marine sediment, although in their paper no datum was given for 
its concentration. Almost all these nucleotides can be ascribed to benthic 
biota and undergo biodegradation after the lysis of bacterial and other cells, 
with release of inorganic P. 
There are some organic P compounds which have been expected to be 
potentially stable during early diagenesis. For example, inositol phosphates 
(lPs) have been suggested as an important fraction of organic P buried to 
sediments. Froelich et al. (1982) speculated the presence of P-rich com-
pounds such as IPs from the low organic C/P ratios observed in marine 
sediments. In their 31P-NMR studies Ingall et al. (1990) suggested that IPs 
are potential candidates for the phosphate monoesters. White and Miller 
(1976), who studied inositol isomers in some marine sediments using gas 
chromatography-mass spectrometry (GC-MS), reported that a small fraction 
of the inositols occurred as hexaphosphate esters. However, the origin, fate 
and distribution is relatively unknown. 
lO 
Inositol phosphates are polyphosphate esters of inositol, hexahydroxy-
cyclohexane [C6H6(OH)6]' Six o-phosphate monoesters can be considered: 
inositol mono- (IP1)' di- (lP2)' tri- (lP3)' tetra- (lP4)' penta- (lP5) and hexa-
phosphate (IP6)' Nine stereo isomers of inositol also exist (Fig. I .1 ). Of these, 
six have been Identified as natural constituents, including myo-, scy/lo-, D-
chjro-, L-chiro-, muco- and neo-inositol (Loewus, 1990). It is weli known 
that IP6 is one of the most important components of organic P in terrestrial 
soils (refer to the review articles; e.g., Ha]stead and McKercher, 1975; Cos-
grove, 1977). However, the presence of IP6 in marine organisms has not 
been reported. Thus, the origin of IP6 in marine environments is most[y ex-
pected to be trom terrestrial plants and soils. 
ll 
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Flgure1．1．The　inositol　stereoisomers　with　hydroxyls　omitted．
㎞osltol　phosphates　are　o－phosphate　esters　of　these　isomers．
☆：lsomers　which　have　been　identified　as　natural　constituents。
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1．3PURPOSE　OF　THIS　STUDY
　　　　　Eutrophication　is　one　of　the　most　serious　problems　in　the　marine　envi－
ronmental　destruction，especia目y　ln　coastal　regions．There　is　general　recogni－
tion　that　contro”ing　the　inputs　of　nutrients　is　essential　to　prevent　eutrophication
in　coastal　areas．ln　addition，it　is　important　to　understand　the　source　and　rate
of　natural　inputs　of　P　to　coastal　areas，in　order　to　evaluate　the　effect　of　anthro－
pogenic　inputs　and　to　predict　the　future　changes　in　marine　environments，
　　　　　A　Iarge　part　of　phosphorus　delivered　by　rivers　to　coastal　areas　is　in　the
form　of　particulate　organic　P　compounds、lt　accounts　fOr40％of　the　totaI
particulate　Ioad　of　phosphorus，being　several　times　Iarger　than　the　dissolved
Ioad　alone（Meybeck，1982）．The　terrigenous　POP　is　therefore　considered　to
be　a　potential　and　importantsource　of　DRP　in　the　coastal　areas．Thus，it　is
important　to　study　how　terrigenous　organic　P　participates　in　the　P　cycle　in
coastal　ecosystems．Tb　answer　this　question，the　following　sublects　are　pro－
posed：（1）What　kind　of　organic　P　compounds　are　present　in　coastal　sedi－
ments？，and（2）How　are　organic　P　compounds　are　buried　and　regenerated　in
sediments？
　　　　　At　present，information　conceming　the　chemical　nature　and　form　of
organic　P　in　marine　sediments　is　quite　scarce。However，1，P6has　been　con－
sidered　as　the　most　Iikely　candidate　for　the　reservoir　of　organic　P　in　estuarine
and　coastal　sediments，because　IP6is　we”known　as　a　malor　constituent　of
soil　organic　P　compounds．ln　addition，some　interesting　data　and　suggestbns
regarding　to　the　presence　of　IP6in　marine　sediments　have　been　reported」P6
is　thus　expected　as　a　quantitatively　important　component　of　POP　carried　from
lands　to　marine　environments．This　study　addresses　questions　related　to　the
13
presence, abundance and fate of iP6 for a coastal area, Tokyo Bay. The 
approach in this study consists of the following three parts: 
1) The method for isolation and determination of IP6 in marine sediments 
was evaluated. Methods used for soil studies were improved. IP6 isomers 
in sediments were identified using various chromatographic and spectro-
metric techniques. 
2) Field studies were undertaken to determine the origin and lateral distri-
bution of the sedimentary IP6 in Tokyo Bay. Samples relevant to the 
source of organic P in coastal sediments such as plankton, terrestrial and 
riverine samples were analyzed. In addition, sediment cores were also 
studied to elucidate the diagenesis of IP6 in the sediments. 
3) Laboratory experiments were conducted to evaluate the biological sta-
bility of IP6 in marine environments. 
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CHAPTER 2 
DESCRIPTION OF TOKYO BAY 
2.1 GENERAL FEATURES 
Tokyo Bay is located on the eastern side of the Honshu Island, Japan. 
Its boundary is generally defined as a line from Tsurugisaki to Sunosaki on the 
south. Tokyo Bay is conveniently divided into the inner and outer bays joined 
by a line from Kannonsaki to Futtsumisaki. In this study, site descriptions of 
Tokyo Bay are restricted to the inner bay in which main rivers (e.g., the 
Tamagawa, Sumidagawa, Arakawa Rivers) inflow and numerous studies have 
been done to examine fate of nutrients, metals and anthropogenic substances. 
The area of this bay is 960 km2, the volume 150 km3, and the mean 
depth 15 m. The bay is connected with the North Pacific Ocean through the 
narrow Uraga Channel which is up to 800 m in depth (Fig. 2.1). The residence 
time of the bay water is estimated to be 0.13 year (Unoki and Kishino, 1977). 
The water exchange between the bay and the open ocean is restricted by 
Uraga Channel which is only 7 km wide. 
Along the northwestern shore of Tokyo Bay, the heavily urbanized and 
industrialized major cities of Tokyo, Yokohama and Kawasaki are located. 
The Tokyo metropolitan area (Tlokyo, Kanagawa, Saitama ~nd Chiba Prefec-
tures) Iies on the catchment of the bay, with a population of 28.7 x 106 people. 
As a result, the waters and sediments of Tokyo Bay experience various 
degrees of pollution due to the disposal of urban and in~ustrial wastes, 
contaminated agricultural run-off and wastes discharges by marine vessels. 
Matsumoto (1983), who studied various heavy metals in sediment cores from 
15 
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Figure 2.1. A map of Tokyo Bay with depth contours. 
A: the inner bay, B: the outer bay. 
16 
Tokyo Bay, shows that the pollution by heavy metals started in 1 900's and 
became worse in the 1960's. Ishiwatari et al. (1 983) also pointed out that the 
pollution by detergent started around 1960 from the evidence of vertical profle 
of alkylbenzenes in a sediment core. The input rate of P to the bay has 
remarkably increased with human activities (Kamatani and Maeda, 1989). 
Tokyo Bay has received large amounts of pollutants since 1960's accompa-
nied by the high-growih of Japanese economy, and now the bay is known as 
one of the most polluted basins in Japan. 
Table 2.1 compiles characteristics of three typical eutrophic bays in 
Japan, namely, Tokyo Bay, Osaka Bay and the Seto Inland Sea. The input 
rates of COD, N and P discharged to Tokyo Bay are not so high in comparison 
with those in the other two basins. Nevertheless, the calculated value of the 
input amounts per unit volume of water is extremeiy high in Tokyo Bay; it is a 
order of magnitude higher than those in Osaka Bay and the Seto Inland Sea. 
In addition, pollutants are more likely to be trapped in Tokyo Bay due to its 
restricted circulation. As a result, the waters of Tokyo Bay show much higher 
concentrations of pollutants. The primary productivity is also enhanced due to 
the excess nutrients. Eutrophication is evident, together with annual "red tide". 
The production rate of organic P can be estimated to be (5.8-58) x 108 
mol/yr using the primary production rate in the bay (Ogura, 1985) and the 
average planktonic C/P ratio (Redfield et al., 1963). This value is two- to 
twenty-fold larger than the input rate of P to Tokyo Bay which was estimated 
by Matsumoto (1985); thus organic P compounds can be cQnsidered as an 
quantitatively important form of P. That is, phosphorus is rapidly recycled 
during the course of active photosynthesis and microbiological remineraliza-
17 
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tion in the water column and at the sedimenVwater interface. 
The organic matter produced in water column deposits quickly on the 
bottom and uses up dissolved oxygen during aerobic decomposition process-
es. During summer months, the vertical mixing of water is strongly restricted 
by the development of stable thermocline, and dissolved oxygen in the bottom 
layer is almost exhausted. As a result, the bottom waters become anaerobic 
leading to the death of entire non-microbial bottom communities. 
During winter season, the thermocline disappears and the bay water is 
well-mixed from surface to bottom. Deposition of organic matter to sediments 
is limited by the lower productivity in the water column, which allows bottom 
waters to remain aerobic until early summer. 
2.2 SEDIMENTARY ENVIRONMENT 
In Fig. 2.2, the distribution of the accumulation rate determined using a 
2iopb method of sediments in Tokyo Bay is illustrated (Matsumoto, 1985). 
The accumulation rates decrease away from the innermost bay southward and 
eastward. The bay mouth region is non depositional due to swift currents. On 
the other hand, the higher rates observed in the north-west region suggest 
dynamic depositional events of terrigenous substances carried by main rivers. 
Large amounts of terrigenous and anthropogenic substances incorporated to 
the riverine suspended particle deposit and accumulate in the river mouths 
and the innermost bay; it has been supported by several studies showing the 
higher concentrations in the areas for lignin, alkylbenzenes, heavy metals, 
phosphorus, and also by 6i3c analysis (e.g., Ishiwatari et al., 1986; Matsumo-
to, 1986; Kamatani and Maeda, 1 989; Wada et al., 1990; Takada et al., 1992a; 
l9 
Yokohama 
Tokyo 
~~'~/"/~ ¥) 
o 0'5 U 
Figure 2.2. Distribution of the accumulation rate of~ediments in 
Tokyo Bay (g/cm2lyr; Matsumoto, 1 985). 
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Ogawa　et　al．，1994）．
　　　　　ln　addition　to　terrigenous　substances，the　bay　sediments　receive　and
accumulate　large　amounts　oforganic　matter　produced　during　the　course　of
active　primary　production　in　the　bay　water，Much　of　both　terrigenous　and
planktonic　substances　decompose　and　regenerate　in　the　sediments　during
early　diagenesis．Decomposition　oforganic　matter　is　accompanled　by　oxygen
depletion　and　sulfate　reduction．The　penetration　of　dissolved　oxygen　from
overlying　waters　is踵mited　to　the　first　few　mil鋒meters　of　sediments，thus
sediments　underthe　subsurface　zone　are　always　kept　under　anoxic　condition．
The　brown，partially　oxic　layer　is　confined　to　a　few　m川imeters　of　flocculent
materials　which　overlie　black，sulfidlc　sedlments．Oxygen　depletion　in　bQttom
waters　during　summer　months　would　introduce　reduction　of　the　sediment
surface　and　release　of　nutrients　from　sediments　to　bay　waters、Accordingly，
sediments　play　significant　role　as　both　a　sink　and　source　of　nutrients　in　Tbkyo
Bay．
2．3SUMMARY
　　　　　Tbkyo　Bay，the　study　area，is　characterized　as　a　transition　zone　be－
hveen　lands　and　the　open　ocean，a　highly　productive　area　and　a　great　receiv－
er　of　terrigenous　substances。From　the　vlew　point　on　geochemistry　and　envi－
ronmental　chemistry，it　can　be　expected　that　studying　th6cycle　of　P　in　the
area　provides　important　informatlon　to　evaluate　transportation　of　P　from　lands
to　the　ocean　and　to　make　clear　the　mechanism　of　coastal　eutrophication、
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CHAPTER 3 
ISOLATION AND DETERMINATION OF INOSITOL HEXAPHOS 
PHATES IN M･aR:lNE SEDIMENTS. 
3.1 INTRODUCTION 
White and Miller (1976) were the first to find the presence of IP6 in 
marine sediments by a GC-MS technique. In their studies, three kinds of 
inositol isomers (i.e., myo-, scy/lo-, and chiro-inositol) were identified as the 
hexaphosphate esters from Santa Barbara Basin sediments, but IP6 was 
quantitatively determined only in fulvic acid fractions in the sediments. Estab-
lishment of a method for determination of total IP6 concentration in marine 
sediments is quite essential for studying the fate of IP6 in marine environ-
ments. 
In the field of soil biochemistry, various techniques have been proposed 
for the iso[ation and determination of IP6 in soils. Two current techniques are 
the alkali extraction method with NaOH or KOH solutions (Smith and Clark, 
1951; Martin and Wicken, 1966: Steward and Tate, 1971 ; McKercher and 
Anderson, 1968; Nonaka, 1986) and the hypobromite oxidation method with a 
mixture of NaOH and Br2 (Cosgrove, 1963a; Omotoso and Wild, 1970; Hong 
and Yamane, 1980a; Irving and Cosgrove, 1981 , 1982). Hong and Yamane 
(1980b) and lrving and Cosgrove (1981) independently pointed out that the 
drastic procedure involving hypobromite oxidation was essential to liberate IP6 
from the co-existing organic matter in soils. Analysis of IP6 in marine sedi-
ments would require the fol[owing: extraction of the maximum amount of IP6 
and removal of substances which might interfere during following analyses. 
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Silva and Bremner (1966) showed that more than 90'/･ of organic matter in 
soils can be decomposed by the hypobromite oxidation procedure to which IP6 
is extremely resistant (Wrenshall and Dyer, 1 941). The hy~obromite oxidation 
seems to be more useful to extract IP6 ftom marine sediments in which large 
amounts of organic matter are co-existing. 
The first step of this study is to confirm the presence of IP6 in a coastal 
sediment from Tokyo Bay, and to estab]ish the method for quantitative deter-
mination of IP6 in marine sediments. IH-NMR, gas chromatography (GC) and 
GC-MS techniques were employed to identity IP6 isomers isolated from a 
Tokyo Bay sediment. The applicability of the method for quantitative determi-
nation of IP6 in marine sediments was checked through studying the recovery 
of standards and determining the reproducibility of the method. 
3.2 MATERIALS AND METHODS 
3.2. I Reagents and sediment samples 
All reagents used in this study were of analytical grade unless other-
wise specified. The myo-inositol and the dodecasodium salt of myo-inositol 
hexaphosphate were purchased from Sigma Chemical Company. The stand-
ard samples of scy/lo-, chiro- and neo-inositol were kindly supp[ied by Dr. 
G.C.J. Irving (CSIRO, Australia). 
The sediment samples used in these studies were collected with a 
Smith-Mclntyre grab sampler from Tokyo Bay in June 1988. Sample were 
stored in polyethylene bags at 0-5 'C and freeze-dried immediately before 
use. 
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3.2.2 EXtraction and isolation of IP6 from sediments 
The extraction and isolation of IP6 from marine sediments were per-
formed with the two step soil procedures reported by lrving and Cosgrove 
(1981): extraction by hypobromite oxidation followed by isolation with anion-
exchange chromatography (Fig. 3.1 ). 
The freeze-dried sediment was pretreated with I M HCI to remove 
cations, especially calcium, which render phosphate compounds insoluble 
during the following alkali treatment. The sample was rinsed with deionized 
water (DIW) and then digested with the mixture of 3 M NaOH and Br2' The 
phosphate compounds extracted from sediment were recovered as their calci-
um salts after addition of CaC12' These salts were suspended in DIW and dis-
solved by slurrying Amberlite IR-120B (H+ form) cation exchange resin. A 
white precipitate was formed during this step, but the precipitate contained no 
phosphorus compounds. The resin and the precipitate were removed and 
washed with filtration. The mixture of filtrate and washing solution was evapo-
rated and the residue was redissolved in a small aliquot of DIW. After filtering 
the solution, a portion of it was pipetted onto a column (1 cm x 14 cm) of 
Muromac 1-X2 (CI- form, 200-400 mesh) anion-exchange resin, and eluted 
by a continuous linear gradient of O to I .2 M HCI at a flow rate of I mL/min. 
Each 10 mL of eluate was collected with a fraction collector. 
3.2.3 IH-NMR analysis 
The eluate corresponding to the IP6 fraction was separated with anion-
exchange chromatography and pretreated as follows. After adjusting the 
eluate to 6 M HCI with conc. HCl, the solution was hydrolyzed in a sealed 
glass bottle at 110 'C for 48 hr. After hydrolysis, the solution was evaporated 
24 
Frel eze-dried sediment (5 g) 
Extract with I N HCI (50 ml) for 15 min. (3 times) 
Centrifuge (1 ,500 g for 10 min.) Discard supernatant 
- Deionized water (DIVV) (50 ml x 2 times) 
Centrifuge (1 ,500 g for 10 min.) Discard supernatant 
I - 3 N NaOH (50 ml) 
- r2 (3 ml) at 0-5 'C Stand for 90 min. 
Boil for 15 min. 
- conc. NH40H (2 m]) at 0-5 'C 
Centrifuge (1 ,500 g for 10 min.) Sediment 
- DIW (20 ml) 
Centrifuge (1 ,500 g for 10 min.) 
Discard sediment 
Supernatant 
l 
Adjust pH < 3 with conc. HCI to decompose carbonates 
Adjust pH > 10 with conc. NH40H and 3 N NaOH 
- aC12 2H20 (5 g) in DIW (10 ml) 
Centrifuge (1 ,500 g for 10 min.) Discard supernatant 
- DIW (50 ml x 2 times) 
Centrifuge (1 ,500 g for 10 min.) Discard supernatant 
C~ Salts of extracted hos hates 
Dry in vacuo 
l - Amberlite IR-120B (H+ form) (40 ml) + DIW (50 ml) 
Stir for 15 min. 
Fil{er (Advantec No. 6) Discard resin and residue 
Evaporate to dryness at 45 'C 
(- DIW (5.0 ml) 
Filter (Advantec Dismic-25cs) Discard residue 
Apply to anion-exchange chromatography column 
Figure 3.1. Flow sheet of the procedures for extraction and concentration 
of IP6 from marine sediments. All procedures were carried out at room 
temperature unless othemrise specified. 
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with a rotary evaporator at 45 'C and the residue was kept overnight in a 
vacuum desiccator containing NaOH pellets to remove HCl. The residue was 
dissolved in a small aliquot of DIW and deionized by passage through a 
column (1 cm x 5 cm) of mixed bed anion-cation exchange resin (Muromac 
MB-X8). The combined eluate and rinse were evaporated to dryness under 
vacuum. The refined and concentrated residue was finally dissolved in D20 
and analyzed via IH-NMR with a Bruker AM-200WB NMR spectrometer. 
Acetone was used as the standard. 
3.2.4 GC and GC-MS analyses 
The sample solutions hydrolyzed and deionized through the same 
procedure in IH-NMR analysis were used for GC analysis to study the isomer-
ic composition of IP6' A portion of the solution was transferred to a I mL reac-
tion vial and evaporated at 100 'C under N2 gas flow. The remaining inositols 
in this residue were esterified to acetyl derivatives through reaction with a 
mixture of DIW (20 pL), acetic anhydride (200 pL) and 1-methylimidazole (20 
pL; Irving and Cosgrove, 1982). The acetylated sample was injected into a 
Shimadzu GC-1 4A gas-chromatograph equipped with a Shimadzu HiCap-
CBP 10 capillary column (25 m length, 0.2 mm i.d.. 0.25 pm film thickness) 
and a Wame ionization detector. Helium was used as the carrier gas at a flow 
rate of I mL/min at 200 'C. A Shimadzu C-R5A integrator recorded chromat-
ograms and estimated peak area. 
The acetylated sample was a[so ana[yzed through GC-MS technique 
(Table 3.1). A Finnigan Model SSQ-710 instrument was used for analysis, 
consisting of a quadrupole spectrometer and a Varian Model 3400 gas chro-
matograph. 
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Table 3.1. The instrumental conditions of GC-MS for identi-
fication of inositol isomers. 
Gas chroma tograph' 
Column 
Injector temperature 
Transline temperature 
DB-5MS (J & W Cd.) 
30 m length 
0.25 mm i.d. 
0.25 um film thickness 
270'C
280'C 
Mass spectrometer 
lon source temperature 
Manifold temperature 
lonization mode 
Electron energy 
Filament current 
Multiplier voltage 
Mass scan range 
180'C 
70'C 
El 
70 eV 
200 UA 
1 OOO eV 
50-500 m/z in 0.5 sec 
* the injection mode and the column oven temperature program 
were same as those used in the GC analysis (refer to the 
caption of Fig. 3.5). 
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3.2.5 Phosphorus analysis 
Total P in the eluate from anion-exchange chromatography was esti-
mated by a slight modification of Mg(N03)2 digestion method of Anderson and 
Black (1965), Inorganic P in eluate was measured with the colorimetric 
method of Murphy and Riley (1962). Organic P was estimated as the differ-
ence between total and inorganic P. 
3.3 RESULTS AND DISCUSSION 
3.3. I Anion-exchange chromatography of the standard myo-lP6 
Various chromatographic techniques have been proposed to isolate IP6 
from soil extracts: i.e., anion-exchange chromatography (Smlth and C[ark, 
1952; Cosgrove, 1963a; Martin and Wicken, 1966; McKercher and Anderson, 
1968; Omotoso and Wild, 1970; Irving and Cosgrove, 1981 , 1982; Nonaka, 
1986), sephadex gel filtration (Moyer and Thomas, 1970; Steward and Tate, 
1971), thin layer chromatography (Hong and Yamane, 1980a,c). Among 
these methods, anion-exchange chromatography has been used most often 
to study IPs in soiis, because of its high resolution. 
A 4 mL portion of solution containing 120 pmol P of commercial myo-
IP6 dodecasodium sa[t was prepared and pipetted onto the anion=exchange 
column. The pipetted P was eluted at fractions of number 27-32, being only 
one component (Fig. 3.2). The amount of phosphorus of IP6 which was 
Ioaded to the co[umn was equivalent to the total amount of phosphorus con-
tained about 4-5 g of marine sediments. The anion-exchange chromato-
graphic coiumn is therefore considered to have a sutficient capacity to analyze 
phosphorus compounds extracted from such large amount of sediments. 
28 
f, F: o ~; 40 
c~iH 
~ I 30 Q H *¥FL1 
~ o~ 20 :s_ ¥j O~ 
~c:: ~ In F1 Iv 
o / / 
/ / 
/ / 
/ / 
/ / 
/ / 
/ / 
/ / 
/ , 
/ / 
/ / 
/ / 
/ / 
/ / 
/ / 
/ / 
/ / 
/ / 
/ / 
/ 
40 50 
1.5 
F: 
o_ 
~ :~~ 10 o ,,) ~ ()~: 
cd~ o 
~1 ~ ~,~' 
0.5 ~ 
o ~ 
10 20 30 
Fraclion number 
0.0 
Figure 3.2. Anion-exchange chromatogram of the stand-
ard myo-inositol hexaphosphate. The dashed line repre-
sents the elution gradient of HCl. 
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Early anion-exchange chromatographic studies on IPs showed that the 
commercial phytin (myo-lP6 salts) often contain considerable amounts of 
impurities, particular lower esters such as IP4 and IP5' which are eluted before 
IP6 (Smith and Clark, 1952; Cosgrove, 1963a). Cosgrove (1963b) confirmed 
that anion-exchange chromatographic techniques similar to those that used in 
this study can isolate IP6 from these lower esters. Accordingly, the chromato-
gram presented here in which only one component is eluted (Fig 3.2) shows 
that the standard IP6 dose not contain impurities. The standard reagent was 
sufficiently pure as a reference material for the chromatographic study of IP6' 
3.3.2 Isolation and identification of IP6 in sediment samples 
Figure 3.3 shows the anion-exchange chromatogram of phosphorus 
compounds extracted from a Tokyo Bay sediment. The amount of the extract-
ed phosphorus accounted for about 60'/･ of the total P in the sediment. More 
than 99･/･ of phosphorus pipetted onto the column was eluted in the initial 400 
mL of eluate. This shows that no significant phosphorus compound was lost 
by irreversible adsorption onto the resin. 
Phosphorus compounds extracted from the Tokyo Bay sediment by the 
hypobromite oxidation were separated to several fractions (Fig. 3.3). The 
fraction denoted A corresponds to the eluting position of inorganic P 
(KH2P04)' No significant organic P was detected in this fraction. About 30'/-
of the total pipetted P was eluted in fraction B. By analogy with the previous 
chromatographic studies of IPs (Smith and Clark, 1952; Co.sgrove, 1963a), 
fraction C and D are expected to be lower IPs. However, this study focused 
exclusively on IP6 and further studies on these lower esters remain to be 
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done. 
The components of fraction E and F were organic P species, about 
1 O'/･ of the total pipetted organic P. Cosgrove (1963a) reported that a mixture 
of myo-lP6 and chiro-lP6, and scyllo-lP6 extracted from soils were eluted at 
the positions of fractions E and F, respectively. In this study, the eluting posi-
tion of fraction E corresponds well to that of the commercial myo-lP6 (Fig. 
3.2). In an anion-exchange chromatographic study on the extract from the 
sediment sample added with myo-lP6, the organic P derived from myo-lP6 
was recovered solely in fraction E. Thus, it is most likely that fractions E and F 
were composed of IP6 isomers. To confirm this further, each fraction was 
hydrolyzed with HCl, and then submitted to IH-NMR, GC and GC-MS tech-
nlques. 
The IH-NMR spectra for the standard samples of myo-, scyllo- and 
chiro-inositol and the hydrolysates of fractions E and F are shown in Fig. 3.4. 
The spectrum for fraction E (Fig. 3.4d) agrees well with that for the myo-inosi-
tol standard (Fig. 3.4a), with the exception of some small signals which might 
be caused by the presence of chiro- and scy//o-inositol. Further evidence 
was provided on GC analysis (Fig. 3.5a). The retention times for the two small 
peaks, respectively, show the expected correspondence with those for chiro-
and scy//o-inositol standards. The chemicai shift of the strong signai on the 
spectrum for fraction F (Fig. 3.4e) corresponded with that for the scy//o-inosi-
tol standard (Fig. 3.4b). The two small peaks appearing in the gas chromato-
gram of fraction F were thus concluded to be myo- and chiro-inositol from the 
retention times of the standard inositol samples (Fig. 3.5b). 
GC-MS analysis is one of the most popular and re[iable technique for 
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Figure 3.4. IH-NMR spectra of inositoi isomers (a-c) 
and of the hydrolysates of anion-exchange chromato-
graphic fractions (d-e). (a) myo-inositol, (b) scy//o*inosi-
tol, (c) chiro-inositol, (d) hydrolysate of fraction E, (e) 
hydrolysate of fraction F. 
Data coliected over 70-1 OO scans for the inositol isomers, 
1 3,000 scans for fraction E and I ,OOO scans for fraction F, 
using a 3.5 sec recycle time, 3.5 usec 45' pulse and 16 K 
data points. 
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Figure 3.5. Gas chromatograms of the hydrolysates of 
anion-exchange chromatographic fractions. (a) hydroly-
sate of fraction E, (b) hydrolysate of fraction F. Gas 
chromatographic conditions were as follows: th~ deriva-
tized sample (1 u1) was injected in the split less mode with 
1 min period between sample injection and opening of the 
splitter solenoid valve. The injector temperature was 270 
'C. The column oven temperature was held at 90 'C for 2 
min and programmed to rise to 230 'C at 30 'C/min, 
where it was held for 10 min and finally to 235 'C at 1 
'C/min. The detector temperature was 280 'C. 
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identification of organic compounds in nature. Thus, the technique was 
employed for further confirmation of the IP6 in this study. The acetyl deriva-
tized samples dissolved in acetone were submitted to GC-MS analysis. In 
this case, a small amount of the acetylated D-mannitol was added to the 
sample as a reference material. 
The total ion current (TiC, Fig. 3.6) of the standard sample shows a 
good separation of each inositol isomer for the chromatographic conditions 
used here. Quite similar fragmentation patterns were observed in the mass 
spectra of the acetyl derivatives of the inositol isomers (Figs. 3.7A to 3.7D). 
Molecular ions are absent and high intensities of the fragment ions appear at 
m/z 167.9 and 210.0. On the other hand, the mass spectrum of mannitol is 
quite different from those of inositol Isomers (Fig. 3.7E). Ino.sitol isomers could 
been clearly identified using selected ion monitoring (SIM) at m/z 168 and 21 O 
(Fig. 3.6). In this case, mannitol gave no intensity in the SIM, but in RIC. 
Accordingly, the acetyl derivatives of the inositol isomers can be specifically 
detected on SIM at m/z 168 and 21 O. 
Figure 3.8 shows the mass chromatogram of the mixture of hydroly-
sates of the fractions E and F in the anion-exchange chromatography. At mlz 
168 and 21 O, peaks of the acetyl derivatives of myo-, scyl/o- and chiro-inosi-
tols are clearly detected. From these results in combination with the IH-NMR, 
GC and GC-MS analyses, it is reasonable to conclude that anion=exchange 
chromatographic fractions E and F are mixtures of myo-, chiro- and scyllo-
IP6' These isomers found in Tokyo Bay sediments were the same as those in 
the fulvic acid fraction in the sediment from Santa Barbara Basin (White and 
Miller, 1976). 
35 
lOO 
so 
lOO 
50 
lOO 
50 
m/ z : Ie8 
, 
t 
l 
, 
(a) 
m/ z : 2 lO 
E+0S 
l . 198 
I 
t 
(b) 
E+04 6.885 
RIC 
l 
O .:~ 
~ ~;~J 
I ( 
I 
O ~) 
~: 
l 
'C) ~¥ ~ 
b~ S !t:~ 
',~L~ 
;:2-~$1 '~~ 1 ?¥L)
E" 
,:~ 
l 
(c) 
E+05 
7 . 542 
lO : dO ll : OO ll : 20 ll:40 12 : OO 12 : 20 
Retention time (min.) 
Figure 3.6. Mass chromatogram of the acetyl derivatives 
of the standard inositol isomers and D-mannitol. (a) SIM 
at m/z 168, (b) SIM at m/z210, (c) TIC. 
36 
~r,~ OH +LO Pnj 
l 
S ?¥~~ 
O O~ H (~, 
,O 
H (~, 
rt 
,1r]-
,¥ m 
O O_ 'T) 
flrt 
c~] 
co co o (~, 
o ~ (~1
o 
co 
c~ 
(~] 
ol 
h Lo H 
~r~ 
~ " 
cl 
,O 
t!] H o 
Lr,-H 
l 
~01' ~r
crl 
o(~9 Hoo H (n ~ 
O O ~l 
o o (1' 
o o (~] 
O O H 
O ~ 8
l 
O ~  
U o.N ~! (rl > .i: 
Q) 1, 
~･a) 
oco 
CD 
1: ~ .~o E 
:: L ~O
Q) ~ 
COcc 
:~ 
< N. 
C') 
OL 
=1C" 
E: 
o o H 
o co o Lo o ~r o (~,
37 
~'C~a OtJr, ~ul 
l 
*~q) 
'* ~)?~ 
o 
H 
t/1-
,~ 
(~g 
r,1~ 
(1r, 
Qrl 
O-(11 
al 
COL o r"~~ 
o ~ (~'
H 
H ~r 
(~, 
ol 
O H (~, o 
O1 Q1 H 
I~ 
LO H 
O 
U1 H H 
ol 
~1 
H 
COff 
O'f] HC O H ,1, 
I~ 
o o ~1 
o o ,t, 
o o (~]
o o H 
O :t: 
CO O C 'T 
t~.*t~Q 
~~(:) 
(,) 
1, o N :~ (~1 > ･c: o iC, 
~~r 
o oca 
o J: ~, q-o E Z ~ O(D CL (b 
Cl),U 
~ 
oo ~ co 
*O 
:: 
c,) 
E: 
o o o co o Lo o ~r o (~'
38 
~l~" OH + .~!~r¥ 
l 
~ 
:~ 
V 
o o 
(~, 
H 'L ,O ol 
,11 
o n-$¥ r, 
c~' 
H (~g
r) 
H H O~ (~, o ~ (~ 
'f 
CF1 
o ~1 
'~' 
O1 
~ to H 
'r o 
o~ 
cr~ 
rf 
Q1 
Lrp 
(~g H 
'r o 
r~ 
ul H 
'r al 
~n H H 
al 
'ro 
co ' or' Ho H cl Q' ~ 
o o 
o o fn 
o o o, 
O O H 
O 4' .~ 5 
O 
l 
Q Jh~ 
(: O 
1' o N :~ 'I' > = o iD ~ o o 'Is 
o J: 4. 'h o E 
:: L ~ OO 'l (O 
U) 
U) 
CO ~ 
ON 
a5 
::,o, 
LL 
O O H o co 
o to O ~,1 o (~$
39 
~rc~ oco + w~ 
l 
O ~J 
~: 
o 
co 'L ~t al 
fr) 
o 
,11-
r~ 
(f] 
O O-fr] 
(11 
o 
al~ (~~ 
ol Lo 
(~' 
eo 
(~ 
(~g 
O1 
~ ~O H 
O H (~g .[ O 
Q1 
OiL H 
ol 
ul 
(~a Hol 'r 
,ql H H 
'r o 
r~ 
Ln H 
~rl _ 
,r 
' H [~O Q1 
C'I ~ 
o o 
O O (f,
o o c~ 
o o H 
O =~. CO O C: 
i 
O q) ~ 
=1, O N :~' (~l 
.> L oID 
'~1 
(D O (O 
o J:~~ 
H-o E 
::, L ~ OQ) ~ CO 
CO 
COcc 
:~ 
o N. 
CD L ::I
O) C 
O O H 
o co o Lo o ~,t o (~e 
40 
~lal Oco + . ~1(~, 
o 
vl H H 
O O H o co O IO o ~r o (~] 
o o ~r 
o o ,n 
o o (N 
o o 
41 
o :,:t 
c: c clJ E ~ 
U O.N :~ (IJ > .L G) U i~ o o co 
O J: 1-N-o E 
::, * ~ OO ,l CO 
cl, 
CU E 
LLl 
l¥ a5 
o* 
:,o, 
~C 
lOO 
50 
m/z : 168 
, 
l 
t 
(a) 
E+04 
8 . 620 
lOO 
5o 
lOO 
50 
m/zs210 
f* 
RIC 
I 
(b) 
E+O4 
S.9Sl 
I 
l 
O ,~ .~ ~~~J 
l' 
C) ~  ,~t C) ~* .~ ~: 
~2 
~$ ~I f h~O q ,~t 
~;¥ 
,.) 
(c) 
B+05 
6.846 
lO : 20 lO : 40 ll : OO ll : 20 ll : 40 12 : OO 12 : 20 
Retention time (min.) 
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3.3.3 Distrjbutions of IP6 and its related compounds in nature 
In this study the presence of the three kinds of IP6 isomers, i.e., myo-, 
scyl/o- and chiro-, in a Tokyo Bay sediment has been demonstrated using 
extraction and various chromatographic techniques. However, information on 
IP6 in marine sediments has been stii[ not adequate to clarity its origin, fate 
and role in marine environments. In contrast to marine chemistry of IP6' many 
studies on IP6 and its reiated compounds have been done in the fields of plant 
and animal physiology and soil biochemistry. These studies have identified 
such compounds are ubiquitous and play Important roles in various aspects in 
nature. 
The myo-lPs are important as the secondary messenger of intracellular 
signalling in both animal and plant tissues (Berridge and In/ine,1989; Rincon 
and Boss, 1990). Stimulation of cell-surface receptors initiates hydrolysis of a 
membrane-bound phosphatidylinositol and phosphatidylinositol polyphos-
phate which produce the second messengers such as IP3 and IP4 drawing 
upon both intrace]Iular and extracellular sources of ca[cium. The myo-lP6 
exists in plants, especially in seeds, as phytin which are myo-lP6 salts rich in 
potassium, magnesium and calcium (Cosgrove, 1977; Ravoy, 1990). Phyiin is 
considered as one of the principal storage form of P in plants, comprising from 
50 to 80'/･ of the total P in seeds (Marschner, 1986; Ravoy, 1990). However, 
recent reports of the presence of IP6 in a variety of mammalian organs, tumors 
and cell lines (Szwelgold et al., 1987; Vallejo et al., 1987) as well as amoebae 
(Martin et al., 1987) have displaced a long-held generalizatiQn regarding the 
singular occurrence of IP6 in plants. The physiological role of IP6 other than 
the P-storage in higher plants is still unknown. 
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Since Dyer et al. (1940) showed that a material having the properties of 
IP6 was isolated from NaOH extract of soil, many authors have isolated and 
determined IP6 and the lower esters in soils (e.g., Smith and Clark, 1951 ; 
Cosgrove, 1963a; Omotoso and Wild; 1970; Halstead and McKercher, 1975; 
Hong and Yamane, 1980a; Irving and Cosgrove, 1982; Nonaka, 1986). IP6 
has been recognized as one of the most abundant organic P compounds in 
various soils, comprising from 5.3 to 83･/. of the total organic P (Cosgrove, 
1963a; Omotoso and Wi[d, 1970; Hong and Yamane, 1980a; Nonaka, 1986). 
Soil IP6 is mainly composed of myo-lP6 and contains considerable proportions 
of scyl/o- and D-chiro-IP6' as well as about I ･/･ of neo-lP6 (Cosgrove, 1 963a; 
Cosgrove and Tate, 1963; Cosgrove, 1969; Omotoso and Wild, 1970; Hong 
and Yamane, 1980a; Irving and Cosgrove, 1982). The main source of soil 
myo-lP6 is ascribed to plant phyiin (Cosgrove, 1977). Although L'Annunziata 
(1975) postulated that scy/lo-, D-chiro- and neo-lP6 in soils are synthesized 
through a bacterial epimerization of myo-inositol or myo-lP6' the origin of the 
IP6 isomers in soils is partially unidentified. 
In contrast to those of terrestrial organisms and soils, there is little 
information of IPs in marine environments. The presence of IPs and their 
related compounds in marine phytoplankton was reported by Einspahr et al. 
(1988), who studied the physiological role of phosphatidylinosltol phosphate in 
a cultured marine alga Dunalie/Ia salina. White and Miller (1976) reported that 
portions of inositol isomers in marine sediments formed their hexaphosphate 
esters. The results obtained here also demonstrate the presence of IP6 
isomers in marine environments. More studies should be done to clarify the 
origin and fate of IP6 found in the coastal sediment. 
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3. 3.4 Quantitative determination of IP6 in marine sediments 
The above results show that IP6 isomers in marine sediments can be 
extracted and isolated. The IP6 in sediments can be estimated as the total 
amount of P in anion-exchange chromatographic tractions E and F (Fig. 3.3). 
In this case, the calculation of the IP6 amount was based on the following: 
A enlarged chromatogram shows that the chromatographic peaks of the IP6 
isomers (fractions E and F) are elevated due to tailing by the forward eluate 
(Fig. 3.9). Such tailing causes overestimation of IP6' especial]y for samples of 
lower IP6 concentrations. Therefore, a baseline was assumed to calculate the 
tailing blank as illustrated in Fig. 3.9. The best fit curve for the assumed base-
line can be described by the simple expression: 
Cx = Co exp(-px) 
where Cx is the P blank concentration in the fraction of number x, Co the blank 
P concentration in the initial fraction tube of the IP6 component (here it is set at 
number 26) and p the curve-fit parameter. 
Because the extraction and isolation methods used here were complex, 
the recovery of IP6 from sediments was evaluated. Freeze-dried sediments (5 
g) were mixed with 5 mL of solution containing 22.9 pmol P of myo-IP6 dode-
casodium salt, freeze-dried and sub]ected to the extraction and analytical 
procedures described above. The result of duplicate experiments showed the 
internal standard recovery to be 80.2 :!: I .2･/o. _ 
To evaluate the precision of the analyses of IP6, four replicate determi-
nations were carried out on a sediment sample. In this case, the concentra-
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tion of IP6 was 0.12 /Imol P/g on average, ranging from 0.10 to 0.13 pmol P/g. 
The relative standard deviation (RSD) of the IP6 analysis in marine sediments 
was :!: 9.9･/. of the mean. Without considering the tailing blank, discussed 
above, the mean value of IP6 is estimated to be 0.18 pmol P/g and the RSD is 
:!: 11.1･/･ of the mean. This implies that the blank calibration provides higher 
precision and offers an advantage for the quantitative determination of IP6 in 
anion-exchange chromatographic studies. Weimer and Armstrong (1977) 
estimated the SD for lake sediments containing IP5 + IP6 at low concentration 
(< 0.68 pmol P/g) to be greater than 16･/･ of the mean. Comparison with their 
results indicate that the method used in this study has high reproducibility 
despite the large number of steps involved in the procedures and the low IP6 
concentration in the sample. 
3.4 SUMMARY 
IP6 isomers were isolated from marine sediments using hypobromite 
oxidation and anion-exchange chromatography. Using the standard sample 
of myo-lP6' it was confirmed that the chromatographic column (1 x 14 cm) of 
anion-exchange resin (Muromac I -X2) had a sufficient capacity to load 
phosphorus contained in 4-5 g of marine sediments. 
About 60'/･ of the total P was extracted with the hypobromite oxidation 
technique from a Tokyo Bay sediment. The extracted P compounds were se-
parated to six fractions through the anion-exchange chromatography. Among 
them, two fractions were revealed to be IP6 isomers from the_ study using the 
myo-lP6 standard and from the literature data on soil IP6' The IH-NMR 
analyses demonstrated that the fractions contained myo- and scy//o-IP6' It 
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was further confirmed by the GC and GC-MS techniques that these fractions 
were composed of a mixture of myo-, scyl/o- and chiro-lP6' These results 
clarified the presence of three types of IP6 isomers in Tokyo Bay sediments. 
To evaluate the method presented here for the quantitative analysis of 
IP6 in marine sediments, the recovery and precision were investigated. The 
recovery of the internal standard of myo-lP6 added to a Tokyo Bay sediment 
was 80.2 :!: I .2･/･. The RSD of the four replicate analyses was :!: 9.9･/･ of the 
mean at the level of 0.1 2 pmol P/g; the higher reproducibility was obtained by 
subtracting the blank in the anion-exchange chromatographic analysis using 
an empiricai equation. From these results, it was concluded that the method 
reported here is quite useful for studying IP6 isomers in marine sediments. 
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CHAPTER 4 
ORIGIN AND DISTRIBUTION OF INOSITOL HEXAPHOSPHATES 
IN TOKYO BAY SEDIMENTS. 
4.1 INTRODUCTION 
In the previous chapter hypobromite oxidation and anion-exchange 
chromatography was demonstrated to be useful for determination of IP6 in 
marine sediments. The presence of IP6 in Tokyo Bay sediments was con-
firmed with this method in the combination with IH-NMR, GC and GC-MS 
analyses (Chapter 3; Suzumura and Kamatani, 1 993b). 
This chapter focuses on determining the origin of IP6 in coastal sedi-
ments. Most of the organic P compounds in coastal sediments are a mixture 
of in situ produced planktonic materials and terrigenous substances delivered 
by rivers. In this context, the IP6 isomers found in Tokyo Bay sediments could 
be ascribed to the difterent two sources. White and Miller (1976) who studied 
inositol isomers in the coastal sediments from Santa Barbara Basin, reported 
that the concentrations were one or two orders of magnitude higher than those 
found in the pelagic sediments from the West Atlantic Ocean. This result 
strongly suggests that the origin of inositol and its related compounds in 
marine sediments can be ascribed to terrigenous sources. On the other hand, 
there is evidence that certain marine alga contain inositol related compounds 
such as IP3' IP4 and inositol phospholipids (Einspahl et al., 1988), but there is 
no information regarding to the presence of IP6 in marine plankton. Tokyo 
Bay, the study area, receives a large amount of terrestrial materials (e.g., 
Ishiwatari et al., 1986; Takada et al., 1 992a, b). In addition, iprimary productiv-
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ity in the bay is very high (e.g., Ogura, 1985). Thus, Tokyo Bay is a suitable 
field to evaluate both marine and terrestrial contributions for IP6 in the bay 
sediments. Some possible sources such as plankton, terrestrial soils, riverine 
suspended solids, estuarine and ccastal sediments were therefore submitted 
to the IP6 analysis with the method developed in this study. 
Several researchers have concluded that a significant portion of the 
organic P in marine sediments may be in the form of relatively unreactive 
organic P phases such a IP6 (Froelich et al., 1982; Ingall and Van Cappellen, 
1991). The second purpose of this chapter is to determine if IP6 is an impor-
tant component of this potential refractory organic P reservoir of marine 
sediments. 
4.2 MATERIALS AND METHODS 
4.2. I Sample description 
Plankton samples 
Two natural and one cultured sample of plankton were used in this 
study. The natural samples were of a composite of phyto- and zoo-plankton 
which were collected from Tokyo Bay using a plankton net (NXX13) in May, 
1990. The specific compositions of these samples which are compiled in 
Table 4.1. Phyioplankton, particularly Skeletonema costatum, are particularly 
abundant in these samples, but zooplankton, particularly copepods, account 
for a lara_e part of the vo[ume (Oku, 1 991 ). 
The pure cu[tured diatom was harvested as follows: the diatom (Skele-
tonema costatum) was isolated from Tokyo Bay and cultured by use of f/2 
medium (Guillard and Ryther, 1962) at 20 'C (14L:10D). About 700 mg 
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Table 4.1. Percentage of each species for the total number 
of individuals of net p[ankton collected from Tokyo Bay (Oku, 
1991). 
Species Sample A Sample H 
Phyioplankton 
Diatom 
Chaetoceros sp. 
Coscinodiscas sp. 
Eucampia sp. 
Nitzchia sp. 
Rhizosolenia sp. 
Skeletonema costa tum 
Thalassiosira sp. 
Dinophyceae 
Peridinium sp. 
Zooplankton 
Copepoda 
A cartia sp. 
Oithona sp. 
Urochordata 
Oikopleura sp. 
Branchiopoda 
Podon sp. 
Actinopoda 
14canthometron sp. 
Rhizopoda 
Globigerina sp. 
Spirotricha 
Tintnnopsis sp. 
Favella sp. 
1 .3 
0.1 
O. 1 
0.2 
0.5 
89.6 
0.5 
0.1 
1 .2 
5.2 
0.1 
0.1 
0.2 
0.2 
0.3 
0.3 
1 0.9 
0.3 
0.0 
3.5 
1 .7 
72 . 1 
0.5 
0.1 
0.9 
4.3 
0.7 
0.1 
2.3 
0.3 
2.0 
0.3 
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(freeze-dried) of the diatom sample was harvested from 1 8 L medium after 
one-week of culturing. 
For IP6 analysis, 200 mg of the freeze-dried sample, containing about 
60 pmol of phosphorus, was digested with hypobromite oxidation and the ex-
tracted phosphate compounds were subjected to subsequent anion-exchange 
chro matograp hy. 
Sediment samples 
The sediment samples from Tokyo Bay were collected with a gravity 
corer equipped with an acrylic pipe (1 O cm inner diameter), a sediment catcher 
and a clear vent. Immediately after collection, the sediment cores were sliced 
into 2.5 cm thick sections on board. The sediment samples were also collect-
ed at two locations in Sagami Bay with a Smith-Mclntyre grab sampler. In this 
case, the top 8 to 10 cm of the sediment column was subsampled with an 
acrylic pipe (7.5 cm inner diameter) and sliced into 2.5 cm sections. The 
samples were kept frozen in polycarbonate containers and freeze-dried 
before use. Figure 4.1 shows the sampling locations in Tokyo Bay and 
Sagami Bay, and information about the sampiings is presented in Table 4.2. 
Estuarine sediment samples used in this study were supplied by Prof. 
R. Ishiwatari, Tokyo Metropolitan University. These samp[es were collected 
with an Eckman Barge sampler from estuaries of the Tamagawa, Arakawa 
and Sumidagawa Rivers flowing into Tokyo Bay (Fig. 4.1 ), freeze-dried and 
kept in glass bottles. The sampling locations are shown in Figs. 4.2 and 4.3, 
and information on these samples is also given elsewhere (~pecial Research 
Project on Environmental Science, 1986). 
52 
ASl 
l AS2 
AS3 I R Arakawa 
R' Sumidagawa 
TAll TA2 TA4 I R' Tamagawa : e2 
TA31 TA5 I 
~¥ hofu-dam '~ r - - ~ 
~~(1/;~9::An2: l 
C1 D] cL e D2 , 
E , 
B1 
'B3 
A 
eF 
e 
h 
Figure 4.1 . Sampling locations of the sediments, Soils and 
river suspended solids. 
circle: coastal sediment samples; square: soil samples; 
triangle: sample of suspended solids from the Tamagawa 
River. 
The areas enclosed by the dashed lines show the estuaries 
of the Tamagawa, Arakawa and Sumidagawa Rivers, which 
are presented in enlarged scale in Figs. 3.2 and 3.3. 
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Figure 4.2. Sampling locations of the sediments in the 
Tamagawa River estuary. 
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Figure 4.3. Sampling locations of the sediments in estuaries 
of the Arakawa and Sumidagawa Rivers. 
56 
Soil samples 
The soil samples were collected from the catchment areas of the 
Tamagawa, Arakawa and Sumidagawa Rivers. Some soils were supplied by 
Dr. M. Okazaki, Tokyo University of Agriculture and Technology. The sam-
pling sites are shown in Fig. 4.1 and some general information for the soils is 
presented in Table 4.3. 
4.2.2 Chemical analyses 
The concentrations of IP6 in sediment, plankton and soil samples were 
determined with the method described in Chapter I , including corrections for 
blanks and recovery percentage. The isomeric composition of IP6 was exam-
ined through GC analysis after acid-hydrolysis and deionization of the IP6 
fractions which were isolated by anion-exchange chromatography. 
Total, inorganic and organic P in sediment and soil samples were 
determined by the ignition method of Aspila et al. (1976). In this method, the 
extracted inorganic phosphate was measured by the mo[ybdate blue method 
of Koroleff (1983). After digestion of plankton samples with a mixture of HN03 
and HCI04, the P concentration was determined with the same method as 
used for sediments. Organic C and total N were determined using a CHN 
analyzer MT-5 (Yanaco, Japan). In the case of the sediment samples, organ-
ic C and total N were measured after pretreatment of the sample with a smal[ 
excess of I M HCI to remove all carbonate carbon. 
The precision of the chemical analyses was investig~~ted by replicate 
determination (n=5). The RSD for organic C, total N, total P and inorganic P 
determinations were :!: 0.87･/･, :!: 2.0'/., :t 0.58･/･ and :!: 0.52･/. of the mean 
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Table 4.3. Description of locations and fand use of soil sampfes. 
Sample Location Land use 
catchment area ot the Tama River 
TA1 Hachiohji C. 
TA2 Hachioh]i C. 
TA3 Hachiohji C. 
TA4 Fuchu C. 
TA5 Ohta Dist. 
catchment areas ot the Ar;a River 
& the sumida River 
ASI Kawashima T. AS2 Ageo C. AS3 Toda C. 
Forest (Japanese cedar) 
Rice paddy field 
Cultivated field 
Forest (Japanese scrub oak) 
Forrest (Camphor tree) 
Cultivated Weld 
Rice paddy field 
Forrest (Oak) 
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value, respectively. All results were reported on an oven-dry (110'C) basis. 
4.3 RESULTS AND DISCUSSION 
4. 3. I IP6 in planl(ton samples 
Figure 4.4 shows anion-exchange chromatograms of organic P ex-
tracted from the plankton samples. The elution patferns for natural and cul-
tured plankton samples resemble each other. Two distinctive peaks appear 
from the 5th to 15th fraction, these two peaks contain more than 95'/･ of the 
total organic P pipetted on the column (Table 4.4). The total amount of P in 
both peaks accounted for 18-26･/･ of the total P in the bulk plankton samples. 
The chemical composition of P in these fractions is unknown. The ability of 
these compounds to withstand hypobromite oxidation indicates that these 
compounds are refractory in nature. 
The absence of peaks after the 15th fraction on the chromatograms 
supports the fact that zoo- and phyto-plankton do not have IP6 in their cells. 
Einspahr et al. (1988), however, reports that the marine alga, Dunaliella 
salina, has some inositol related compounds such as inositol tri- and tetra-
phosphate as important components for their metabolism. Phosphatidylinosi-
tol was identified in the same samples of net plankton used here (Oku, 1991). 
These studies suggest that inositol phospholipids and/or the lower esters of 
inositol polyphosphate play important roles in phyioplankton metabolisms as 
those which are known in higher plants (e.g., formation of cellular membranes 
and the second-messenger role in cell signaling, Rincon and Boss, 1990). 
One of the most important role of IP6 in higher plants is related in stor-
ing mechanism of minerals such as P, Ca and Mg (Marschner, 1986; Ravoy, 
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Figure 4.4. Anion-exchange chromatograms of organic P 
extracted from the plankton samples. 
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Table 4.4. Concentrations of carbon, nitrogen and phosphorus 
in the plankton samples. 
Sample Organic C Total N 
(mg/g) (mg/g) 
Total P Pipetted 
organic P* 
Gumol/g) (pmol/g) 
Tokyo Bay A 
Tokyo Bay H 
cultured diatom 
341 
31 O 
272 
87.7 
78.6 
49.3 
305 
266 
335 
55 . 8 
71 .7 
81 .8 
* rganic P pipetted to the column, which withstood 
hypobromite oxidation. 
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1990). A potential reason why the IP6 was not observed in the phyioplankton 
samples studied here might be related to differences in the chemical form of P 
stored in cells between phytoplankton and higher plants. In marine phyto-
plankton, phosphorus is stored in most as orthophosphates and/or polyphos-
phates (Miyata and Hattori, 1986; Miyata et al., 1986; Oku and Kamatani, 
1 994) . 
4.3.2 IP6 in terrestrial and riverine samples 
Another potential source of IP6 in coastal sediments was expected to 
be terrigenous substances delivered from adjacent lands through rivers. 
There are several rivers flowing into Tokyo Bay. Among them, this study 
focused on three rivers: the Tamagawa, Arakawa and Sumidagawa Rivers 
which comprise 24-40'/o of the fresh water inflow to Tokyo Bay. Eight soil 
samples collected from the catchment areas of these rivers were also ana-
iyzed . 
Table 4.5 shows the results of carbon, nitrogen and phosphorus analy-
ses for the soil samples. A standard linear regression of the data set yields 
the organic C/P ratio (atom) of 175 in which a weak correlation was found 
(R2=0.47). The inorganic P concentration varies extensively for each sample, 
ranging from I .6 to 70 pmol/g. The extremely high concentration of inorganic 
P found in a cultivated Weld sample (TA3) could be ascribed to use of fertiiizer. 
The anion-exchange chromatogram of organic P extracted from a soil 
sample CrA4) is shown in Fig. 4.5. The pipetted organic P ac_counted for 20-
46･/o of the total organic P in soi[s (Table 4.5). Two peaks eluted in the I -10th 
fractions corresponding roughly to the positlon of the two large peaks appear-
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ing in the anion-exchange chromatograms of the plankton samples (refer to 
4.3.1 and Fig. 4.4). It is interesting that both plankton and soil samples con-
tain a significant amount of chemically stable organic P compounds which 
elute at the nearly same position. 
The components in the 12-25th fractions could be ascribed to lower 
esters of inositol phosphates such as IP3 and IP4 (Cosgrove, 1963a). Around 
the 30th fraction, a large peak appears followed by a small peak at the 35-
40th fractions. These were the eluting positions of the IPb isomers (refer to 
Chapter 3). Using the GC technique reported in Chapter 3, it was confirmed 
that these two components eluted after the 26th fraction were composed of 
myo-, scyl/o- and chiro-lP6 ' 
The IP6 concentration in soils was estimated with the tailing calibration 
and the results are summarized in Table 4.5. The IP6 ranged from 0.25 to 
5.65 pmol P/g, accounting for 3.3-16.6･/･ of the total organic P. The concen-
tration range is consistent with those in various soils reported by previous 
workers: 2.99-10.8 pmol P/g (12-16･/･ of the total organic P for three Australi-
an soils; Cosgrove, 1963), 0.5-11 .5 pmol P/g (5.9-20.4･/･ for 7 English and 
Nigerian soils; Omotoso and Wild, 1970), 7.1 7 pmol P/g (27.4'/. for a Japa-
nese soil; Hong and Yamane, 1980a), and 0.25-19.2 pmol P/g (8.9-83.0'/･ for 
17 Japanese soils; Nonaka, 1986). The IP6 isomers are concluded to be 
quantitatively important components of organic P in the soils. In order to 
determine if IP6 found in the soils is transported to estuarine and coastal 
environments through rivers the present study was extended to riverine 
samples. 
First, a sample of suspended solids was collected above the Chofu-
65 
dam, Iocated just above the upper limit of the tidal zone of the Tamagawa 
River (Fig. 4.1). One hundred twenty liters of a river-water sample was taken 
with buckets on August 28, 1993, the next day of a heavy rain in the Kanto-
Area. The water sample contained 167 mg/L of suspended solids, I .9 pM of 
dissolved P and 4.9pM of particulate P. By decantation and centrifugation, 
about 20 g of the freeze-dried solid sample was obtained. Phosphorus 
concentration in the dried sample was 9.64 and 1 9.6 /Imol/g for organic and 
inorganic P, respectively CTlable 4.6). 
The anion-exchange chromatogram suggests the presence of IP6 in 
the sample of suspended solids (Fig. 4.5). An appreciable peak of organic P 
is observed at the eluting position of myo- and chiro-lP6 (the 26-33th frac-
tions). A small peak can be a:so discerned at the eluting position of scyllo-lP6 
(the 36-40th fractions). Gas-chromatographic studies of these peaks con-
firmed the presence of IP6 in the riverine suspended solids. The IP6 COncen-
tration was 0.46 pmol P/g accounting for 4.8･/･ of the total organic P in the 
solid sample (Table 4.5), from which IP6 concentration in the bulk water 
sample was calculated to be 0.08 pM. This result documents for the first time 
isolation and determination of IP6 isomers from riverine suspended particles. 
The anion-exchange chromatogram of a estuarine sediment shown in 
Fig. 4.5 is similar to that of the riverine suspended solids. IP6 was detected in 
all 7 samples of estuarine sediments. In addition, higher concentrations of IP6 
were observed in samples taken highest up stream (Table 4.6). Samples from 
the Tamagawa River show lower concentrations of IPe than those from the 
Arakawa and Sumidagawa Rivers. Ishiwatari et al. (1 986) reported a similar 
distribution pattern of lignin, which is an important soil component, in the 
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estuarine sediment samples analyzed here. These results imply that the 
source of IP6 in estuarine sediments is terrestrial soils. 
4.3.3 Distribution of IP6 in coastal sediments 
Table 4.7 shows the analytical results of the carbon, nitrogen and 
various forms of phosphorus in the surface sediments. The concentration of 
organic C ranged from 13.9 to 33.3 mg/g, and the concentration of organic P 
from 7.33 to 14.0 pmol/g accounting for 33-55･/･ of the total P. In contrast to 
the soil samples, these marine sediments show a high linear correlation 
between organic C and organic P at the C/P ratio (atom) of 271 (R2=0.92), 
near that given by Kamatani et a[. (1984) who studied core samples from this 
bay. They also reported a high correlation between organic C and P 
(R2=0.88) with a C/P ratio of 223. 
Some studies have been done to clarity processes of organic P dia-
genesis using organic C/P ratio data. Mach et al. (1987) suggested the organ-
ic P concentration in marine sediments is [inearly related to the organic C 
concentration, with an average C/P ratio of 490 (atom). Froelich et al. (1 982), 
using a data set similar to the one of Mach et al. (1 987), asserted that organic 
P concentration in marine sediments are roughly constant and independent of 
organic C concentration. This discrepancy shows that the organic C/P ratios 
in marine sediments are not related in a simple fashion. Ingall and Van 
Cappellen (1990) reexamined the C/P ratios of organic matter buried in marine 
sediments. They reported that the organic P concentration did not correlate 
linearly with organic C concentration and that the organic C/P ratios varied 
systematically with sedimentation rate: Iow C/P ratios (< 200) with sedimenta-
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tion rates both less than 0.002 and greater than I cm/yr, and high ratios (up to 
600) with intermediate sedimentation rates (0.002 to I cm/yr). A simple 
steady state model was employed to evaluate the diagenesis of organic P and 
organic C (Ingall and Van Cappellen, 1990; Berner et al., 1 993). The model 
shows that the variation of organic C/P ratio over the range of sedimentation 
rates is caused by the differences in the behavior between P and C during 
aerobic and anaerobic decomposition of organic matter. The organic C/P ratio 
(271) observed in Tokyo Bay sediments was consistent with that calculated 
from the model of Ingall and Van Cappellen (1 990). 
The anion-exchange chromatogram of organic P extracted from a 
sediment (station C1) is shown in Fig. 4.5. The IP6 concentration was esti-
mated from the P content in fractions E and F according to the manner de-
scribed in Chapter 2. High concentrations of IP6 were found at the stations A, 
B2, C1 and F which are located near the river mouths Crlable 4.7). This result 
strongly supports that the source of IP6 found in the coastal sediments is from 
soils deiivered by rivers. The distribution pattern of IP6 in Tokyo Bay resem-
bles that of linear alkylbenzenes (LABS) which have been identified as an 
index of terrigenous organic matter in coastal sediments CTlakada et al., 1992a, 
b). The concentrations of IP6 and LABS both decrease gradually from the river 
mouths to the bay mouth (Fig. 4.6). 
More evidence to evaluate the source of IP6 was provided from isomer-
ic compositions of IP6 which were determined by GC analysis (Table 4.8). 
The (my0+chiro)Iscy//o ratio in each sample was calculated to. be 7.10 :!: 0.95 
(mean :!: RSD) for the soil samples, 6.02 :!: 0.38 for the riverine ones, and 7.71 
:!: I .26 for the coastal sediment ones. Similar ratios of (my0+chiro)Iscyllo have 
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been reported by soil scientists who studied inositol isomers of IP6 (Cosgrove, 
1963) and IPs (Omotoso and Wild, 1970; Irving and Cosgrove, 1982). The 
narrow range in isomeric ratio from terrestrial soils to marine sediments 
supports the suggestion that the iP6 isomers isolated from Tokyo Bay sedi-
ments originated in the soils in the catchment areas of the rivers fiowing into 
Tokyo Bay. 
The IP6 concentrations in the surface of the coastal sediments were 
quite low, ranging from 0.01 to 0.27 pmol P/g Criable 4.7). The IP6 represents 
a very small portion of phosphorus in the sediments, accounting for only 0.06-
0.95･/･ of the total P and for 0.1-2.8･/･ of the total organic P. These values 
were two orders of magnitude lower than those in soils and also several times 
Iower than that in the riverine suspended solids. 
4.3.4 Vertical distribution of IP6 in Tokyo Bay sediments 
The low concentration of IP6 in the surface sediments from Tokyo Bay 
was difficult to explain by the dilution effect of IP6 with marine produced organ-
ic matter. In order to determine the fate of IP6 delivered to Tokyo Bay, vertical 
profiles of the IP6 concentration were investigated in sediment cores collected 
from two locations of the bay (Fig. 4.1). 
The vertical distribution of IP6 was similar for both cores; the highest 
value of IP6 appeared at the sediment/water interface and sharply dropped 
within a few centimeters of depth (Fig, 4.7). Such drastic decreases were not 
observed in prohles of organic P and organic C concentrations. These results 
indicate that IP6 is a somewhat labile organic P compound in the course of 
early diagenesis. Earlier workers speculated that IP6 might be an important 
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74 
fraction of refractory organic P compounds in marine sediments (Froelich et 
al., 1982; Ingall et al., 1990). However, the low concentrations and vertical 
profiles of IP6 in Tokyo Bay sediments suggest that IP6 is decomposed quickly 
before and during burial processes by microbial activity. That is, IP6 is not a 
significant component of refractory organic P in marine sediments. 
4.4 SUMMARY 
In order to clarify the origin of IP6 found in the Tokyo Bay sediments, 
several possible sources were analyzed using hypobromite oxidation and 
anion-exchange chromatography. 
IP6 was not found in any of the piankton samples studied. From this, 
plankton was concluded not to be the source of the sedimentary IP6' On the 
other hand, soils collected from the catchment areas of the Tamagawa, 
Arakawa and Sumidagawa Rivers flowing into Tokyo Bay showed high con-
centrations of IP6 ranging from 0.25 to 5.65 pmol P/g. Samples of suspended 
matter and estuarine sediments of these rivers were also analyzed and these 
rivers were found to be the pathway of transportation of IP6 from land to Tokyo 
Bay; the concentrations of IP6 in sediments decreased from up stream to 
down stream. The isomeric ratio of IP6 was similar in terrestrial, riverine and 
coastal samples. From these experimental results, the origjn of IP6 in coastal 
sediments could ascribed to terrestrial soils. 
The IP6 concentrations in coastal sediments ranged from 0.01 to 0.27 
pmol P/g which accounted for less than 3･/･ of the total organic P. These 
values were much less than those in terrestrial and riverine samples. The 
disappearance of IP6 in the top few centimeters of the sediment cores sug-
75 
gests that IP6 is decomposed during early diagenesis. 
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CHAPTER 5 
MICROBIAL MINERALIZATION OF INOSITOL HEXAPHOS-
PHATES IN MARINE ENVIRONMENTS. 
5.1 INTRODUCTION 
The results presented in the previous chapter suggest that IP6 is quite 
susceptible for biological degradation and mineralization in marine environ-
ments during the early stage of diagenesis. Therefore, this chapter focuses on 
studying the microbial stability of IP6 in marine environments. For this pur-
pose, Iaboratory experiments were conducted under simulated marine envi-
ronmental conditions. 
5.2 METHODS 
Two sets of laboratory experiments were conducted: one to eva[uate 
the microbial stability of IP6 in marine environments, and another to ascertain 
the effect of the redox condition to IP6 mineralization. The experimental condi-
tions are as follows. 
Experiment / 
For the following experiments, sediment taken from Tokyo Bay 
(35'36.3'N, 1 39'58.1 'E) with a Smith-Mclntyre grab sampler and seawater 
collected from Sagami Bay were used. Raw sediment and filtered seawater 
(Gelman DM-800, 0.8 pm) were mixed at the ratio of 3:40 (wejght:volume) , to 
which myo-lP6 dodecasodium salt was added. The concentration of the 
added IP6 was about 0.65 pmol P/g for the mixture, corresponding to about 1 1 
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pmo! P/g for the dry sediment. To inhibit microbiai activities in the experimen-
tal system, HgC12 was added to the mixture at the concentration of 0.1 ･/. (w/v). 
The mixed sample was kept in a glass bottle with a polyethylene cap 
and stored in a dark temperature-controlled cabinet (25 :!: 1'C) for 60 days. 
The sample was continuously stirred with a magnetic stirrer throughout the 
experimental period. To maintain aerobic conditions, 02 gas was occasiona[ly 
supplied to the sample. The pH was adjusted to remain within the range 
between 7 and 8 with 0.5 M HCI and NaOH solutions. 
At intervals, a portion of the sample was taken out and submitted to 
inorganic P analysis. The degree of dephosphorylation of the added IP6 was 
estimated from the increasing amount of inorganic P in both the solution and 
sediment phase of the sample. A mixture of sediment and seawater without 
added IP6 was run in parallel as a control. 
Experiment ll 
Both the sediment and seawater samples used in the second experi-
ment were collected from Tokyo Bay (35'33.7'N, 139'48.7'E for sediment 
sample; 35'33.0'N, 139'55.0'E for seawater sample); they were mixed at the 
sediment/seawater ratio of 1:5 (w/v). The mixed samples of sediment and 
seawater were treated to make aerobic and anaerobic conditions, respective-
ly. The aerobic samp[e was prepared by bubbling with air. The anaerobic 
sample was prepared by saturating the mixture with H2S by bubbling the gas 
for 30 min and then N2 gas was bubbled through the sample_until excess H2S 
c6uld not be detected by lead acetate paper. 
The myo-lP6 sait was added to each sample at the concentration of 
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0.75 pmol P/g of the mixture. The aerobic and anaerobic samples were stored 
in a conical beaker sealed with Parafi[m and in an Erlenmeyer flask capped 
with a silicone stopper, respectively. The aerobic sample was bubbled with air 
daily and stirred to maintain aerobic conditions. The anaerobic sample was 
stirred daily under N2 gas Wow. The temperature was maintained at 15 :t 1'C, 
which was approximately corresponds to Tokyo Bay sediments during early 
summer. The pH was adjusted to the same range as in Experiment l. The 
redox conditions of each experimental system were monitored by measuring 
ORP (oxidation-reduction potential) with a HORIBA D-12 pH meter equipped 
with a platinum combination electrode (HORIBA, 6861 -10C). 
A portion of each sample was taken out with vigorous stirring and cen-
trifuged at I ,500 G for 10 min. The supernatant was submitted to D.RP and 
dissolved total P (DTP) analyses: dissolved organic P (DOP) concentration 
was estimated as the difference between DTP and DRP. The remaining 
sediment was analyzed for solid-phase inorganic P and IP6' In order to trace 
the fate of myo-inositol, another portion of the mixed sample was submitted to 
total inositol determination by GC technique after acid hydrolysis, deionization 
and esterification (refer to Chapter 3). Mixtures of sediment and seawater 
without added IP6 were run in parallel as the control samples for aerobic and 
anaerobic experiments, respectiveiy. 
5.3 RESULTS AND DISCUSSION 
5.3. I Mineralization of IP6 in sediments _ 
Figure 5.1 shows the changes in the total inorganic P concentrations in 
the sedimenVseawater systems of the Experiment l. No increase in inorganic 
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P was observed in any samples during the first 6 days. From day 7 to 15, 
however, there was a remarkable increase in inorganic P from the IP6-
amended samples, during which about 65･/･ of the added IP6-P were de-
phosphorylated. After the 20th day liberation of inorganic P almost leveled off. 
At the end of the experiment the dephosphorylation reached 81 .5'/. for the 
added IP6-P. It is speculated that the remaining IP6 (about 20'/･) is left in a 
form resistant to degradation, e.g., combined tightly with humic substances 
and/or clay minerals. 
No dephosphorylation was observed in the sample where bacterial and 
enzymatic activities were inhibited by the addition of HgC12' The absence of 
inorganic P Iiberation in poisoned experiments supports the idea that the 
dephosphorylation of iP6 is due to microbial and/or biochemical reactions. 
5.3.2 Influence of redox conditions on IP6 mineralization 
In the Experiment II, the ORP in the aerobic systems increased during 
the first 40 days, from -50 to 150 mV and from -80 to 100 mV for the control 
and IP6 added samples, respectively (Fig. 5.2). These changes are probably 
due to oxidation of the reduced iron with the supplied air. After this period, the 
ORP was almost constant. In the anaerobic systems, the ORP varied in a 
narrow range throughout the experimental period, from -298 to -250 mV (Fig. 
5.2). 
Increases in inorganic P concentrations of the sediment/seawater 
systems were observed in experiments amended with IP6 (Fig. 5.3). By 
analogy with the results in the Experiment l, this increase is ascribed to trans-
formation of the added IP6 to inorganic P through microbial dephosphorylation 
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processes. To confirm this, the remaining amount of the added IP6 was 
determined on samples from the first, 20th, 40th and 60th days. The peak 
area of IP6 in the anion-exchange chromatograms decreased with increasing 
incubation times in both the aerobic and anaerobic systerhs (Fig. 5.4). The 
increases in inorganic P and of the losses of added IP6 correspond well with 
one another. Accordingly, it is concluded that the increase in inorganic P in 
the sedimenVseawater systems results from the mineralization of the added 
IP6' 
In the anaerobic system, a drastic increase in inorganic P was observed 
just after the first 10-days. By the 20th day almost all the added IP6 was 
mineralized (Fig. 5.5). In contrast to this, the increase in inorganic P was more 
gradual in the aerobic system, and the aerobic mineralization of IP6 reached 
only about 50'/. at the end of the 60-day experiment (Figs. 5.3 and 5.5). 
These results imply that the IP6 mineralization in marine ~ediments is influ-
enced by redox conditions. The anaerobic decomposition of IP6 seems to be 
slightly more eftective than the aerobic one. 
There are several possible explanations for the reduced efficiency of 
IP6 mineralization in aerobic systems: (1 ) insufticient ability of aerobic microbi-
al activities to mineralize IP6' (2) adsorption of dissolved enzymes onto the 
sediment particles, and (3) presence of inhibitors for IP6 mineralization. 
In order to evaluate the microbial activity of seawater used in this study, 
IP6 mineralization was investigated using a simple seawater-system. A I mL 
portion of an IP6 solution was added to I OO mL of seawater,o make the IP6 
concentration 100 pmol P/L. The sample was kept under aerobic conditions; 
temperature and pH were adjusted to be similar to those of the 
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sediment/seawater experiments. The DRP concentration was monitored at 
intervals over a 20 day period. As shown in Fig. 5.6a, the DRP concentration 
of the seawater sample quickly increased from the 5th to 10th days. The 
added IP6 was almost completely mineralized during this p~riod under aerobic 
conditions (Fig. 5.6b). Consequently, it is concluded that bacterial and/or 
enzymatic activity in seawater has sufficient ability to mineralize IP6 under the 
aerobic conditions. 
The second and third hypotheses were evaluated with another experi-
ment. Mineralization of IP6 was investigated in a seawater which was isolated 
from the mixture of aerobic sediment and seawater by centrifugation (1 500 G 
for 10 min) and filtration (Gelman DM-800). The rationale for this experiment 
was that if aerobic sediments can absorb enzymes from seawater and/or 
release some inhibitors to seawater, IP6 mineralization would be suppressed 
in the seawater isolated from the aerobic sediment. However, the results 
shown in Fig. 5.7 are quite similar to those for the untreated seawater (Fig. 
5.6). These results suggest that neither adsorption of available enzymes nor 
the release of inhibitors by the sediment occurred in the aerobic 
sed imenVseawater system . 
The reduced mineralization of IP6 was observed only in the aerobic 
systems with sediments present. Hence, the more [ikely explanation for the 
reduced efficiency seems to be related to the interaction between the sedi-
ment particles and IP6' For example, Lorenz et al. (1981) reported that the 
degradation of DNA by nuclease was inhibited considerab[y by interaction 
between DNA and coexisting sedimentary inorganic particles (e.g., absorption 
or binding). In addition, it is known that immobilization appears to inhibit the 
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degradation of some organic compounds in sediments (Gordon and Millero, 
1985; Mayer et al., 1988; Sugai and Henrichs, 1992). In this context, the 
degree and rate of IP6 mineralization can be expected to depend on the 
degree and/or intensity of immobi[ization of the IP6 molecule onto the sedi-
ment particles. The capacity and intensity of the IP6 immobilization may also 
be aftected by the redox conditions. 
Immobilization of DRP in interstitial water is strongly influenced with the 
sediment redox condition (Froelich et al., 1 979; Krom and Berner, 1980 and 
1981 ). This phenomenon was a[so observed in this study: the DRP concentra-
tions were low (1 .O to 7.4 pM) in the aerobic systems, whereas in the anaero-
bic systems the concentrations were much higher (40 to 650 pM, Fig. 5.8). 
This is due to the change in the binding capacity of sedimentary iron species 
at different redox states (Krom and Berner, 1980 and 1981). The same 
mechanism would be expected for the IP6 immobilization in the aerobic and 
anaerobic sediments. In his review of organic P metaboljsm in soils, Cos-
grove (1967) said that iron and aluminum salts of IP6 are very insoluble in 
aerobic acid soils, while in neutral and alkaline systems, especially under 
anaerobic conditions, more soluble calcium salts of IP6 predominate. Fur-
thermore, calcium salts of IP6 are more likely to undergo mineralization during 
anaerobic and/or alkaline conditions. Nonaka (1 986) reported that the miner-
alization of IP6 is more extensive in anaerobic paddy soils than in arid ones. 
That is, an ion-exchange reaction between IP6 and metal cations controls the 
stability of IP6 in aerobic and anaerobic soils. _ 
In addition to these inorganic reactions, Suzumura and Kamatani 
(1993a) inferred that IP6 in marine sediments are mainly bound to coexisting 
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organic substances such as humic matter. Some authors have also suggest-
ed the importance of humic matter on early diagenesis of organic P. Hirata 
(1985) studied phosphorus bound to organic matter in coastal sediments using 
NaOH extraction and sephadex G-25 gel filtration which was connected to 
inductively coupled plasma-atomic emission spectromet.ry (lCP-AES). A 
considerable amount of P (19･/･ of the total P) in the surface sediments (0-2 
cm depth) was found with high molecular weight organic matter (HMWOM: > 5 
K Da). The concentration of the HMWOM-P decreases with depth in the 
sediment cores, but 30-40'/･ of the surface contents remains at 90-95 cm 
depth. This suggests that HMWOM is an important carrier or component of 
organic P buried in sediments. The relation between phosphorus and 
HMWOM was also studied by Nissenbaum (1979) who investigated the 
behavior of sedimentary organic P during the formation and transformation of 
humic substances. During diagenesis, phosphorus is preferentially regenerat-
ed relative to carbon from the organic matter, and the remaining portion of P in 
humic substances becomes more refractory (Nissenbaum, 1979). Herbes et 
al. (1975), who studied the nature of DOP in lake waters, recognized the 
presence of a high molecular weight fraction of DOP which contained a signifi-
cant amount of IPs. They suggested that the high molecular weight compo-
nent of IPs in lake water was bound to proteins, Iipids and/or fulvic acid. 
These studies impiy that a considerabie fraction of organic P compounds in 
marine and lake environments are associated with high molecular weight 
components, which might be refractory for microbial breakdown.. 
In either case, binding of IP6 by inorganic or organic reaction makes it 
unavailable as a substrate for microbial decomposition until the complex has 
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been broken down. Under these considerations, it is expected that some dif-
ferences between aerobic and anaerobic systems exist in the immobilization 
of IP6 on the sediments. Thus, in order to evaluate IP6 immobilization, particu-
larly the binding capacity of sediment, the dissolved amounts of added IP6 
were estimated using DOP concentrations in the aerobic and anaerobic 
syste ms. 
Throughout the experimental period, higher concentrations of DOP 
were found in the IP6-amended samples than in the control ones under both 
aerobic and anaerobic conditions (Table 5.1). The excess DOP (the differ-
ence between the IP6-added and the control sample) was most likely derived 
from the soluble portion of the added IP6' Thus, the soluble percentage of the 
added IP6 Can be calculated using excess DOP data and the remaining 
amount of IP6 in the samples. In Table 5.1 , however, the data for the anaero-
bic IP6-added sample after the 20th day can not be used, because of large 
analytical errors (> :!: 130'/･) which result from taking the difference between 
two large numbers namely total P and DRP values. Thus, small errors in the 
total P and DRP determinations can lead to large errors in the calculated DOP 
concentration. Data for the first 15 days is reliable with relative low errors. 
The following discussion is based on data from the first 15 days for the anaer-
obic IP6-amended sample. 
The soluble fraction of IP6 on each sampling date is shown in Table 5.1 . 
Only a small amount of IP6 remaining in the experimental systems was esti-
mated to be in soluble form (0.03･/･ and 0.09･/･ of the remaining amounts 
under aerobic and anaerobic conditions, respectively). There is no significant 
difference between the aerobic and anaerobic systems in the soluble fractions 
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of IP6' This suggests that sediment particles have a similar capacity to absorb 
IP6 on their surface in either situation. Mineralization of IP6 is concluded not 
to be affected by adsorption capacity of sediment particles. In addition, no 
significant amount of IP6 was observed in the aqueous phase in both systems; 
more than 99･/. of the added IP6 Was estimated to be absorbed onto the solid 
phase (Table 5.1). IP6 mineralization seems to occur in the solid phase, but 
not in the aqueous phase. It is inferred that intensity and/or form of binding 
between IP6 molecules and sediment particles is critical to the degree and rate 
of IP6 mineralization in sediments. The binding intensity and form, unfortu-
nately, could not be determined at present. It is speculated that the binding of 
IP6 in aerobic sediments is more intense compared with anaerobic sediments, 
which reduces decomposition by microbial activities. 
In this study, IP6 has been identified to be much more susceptible to 
microbial mineralization in marine sediments. Based on these experimental 
results and the field observations, a pathway of IP6 mineralization in Tokyo 
Bay is proposed: A portion of IP6 supplied to sediments is mineralized within 
the surface oxic layer. The remainder which withstands the aerobic decompo-
sition is buried to the underlying anoxic zone and then is rapidly mineralized 
by anaerobic microbial processes. The phosphate liberated from the IP6 
moiecule diffuses to the overlying seawater as DRP or is redistributed to 
secondary authigenic minerals such as Fe-P and fluorapatite in sediments 
(Krom and Berner, 1981 ; Ruttenberg and Berner, 1993). The low concentra-
tion of IP6 observed in Tokyo Bay sediments consistent with this scenario of 
early diagenesis. Because sedimentation rates in Tokyo Bay are very high: up 
to 0.5 g/cm2/yr or about I cm/yr (Ishiwatari et al., 1983; Matsumoto, 1985), IP6 
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deposited at the sedimenVseawater interface is rapidly buried to the subsur-
face anoxic zone and is decomposed by microbial processes in a short period. 
5.3.3 Degradation of inositol in sediments 
Although some uncertainties remain in the mechanisms controlling the 
aerobic and anaerobic mineralization, IP6 is recognized as a microbiologically 
labile compound in marine environments. The mineralization of IP6 discussed 
above was concerned with dephosphorylation of phosphate from IP6 molecule. 
The next step in this study was to investigate the fate of Inositol, the centra[ 
component of IP6' Changes in myo-inositol concentration in the 
sedimenVseawater mixtures were traced by GC analysis using D-mannitol as 
the internal standard. 
The concentration of myo-inositol added as IP6 decreased with time in 
both the aerobic and anaerobic systems of Experiment 11 (Fig. 5.9). The 
added myo-inositol is most likely metabolized via microbial processes, be-
cause no change in myo-inositol was observed in the killed control system 
with HgC12 in the Experiment l. However, it should be noted that this study did 
not identity the metabolites from myo-inositol; uncertainty remains on the 
point whether myo-inositol is mineralized to inorganic C or transformed to 
other organic compounds. In this study, the term of "degradation and/or 
degrade" was used to express the disappearance of myo-inositol in the exper-
imental systems. 
The degree of degradation of added myo-inositol can be calculated 
from the initial concentration and the remaining amounts; the results were 
compared with that of IP6 mineralization (Fig. 5.10). The percentages of IP6 
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ae-lP6: aerobic IP6 amended sample, 
an-control: anaerobic control sample, 
an-lP6: anaerobic IP6 amended sample. 
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mineralization and of myo-inositol degradation parallel each other in the aero-
bic system during the experimenta] period. Fifty-two percent of the added 
myo-inositol remained at the end of experiment (60th day), and this value 
corresponds quite closely to that for IP6 (52.2"I･). Under anaerobic conditions, 
IP6 mineralization and myo-inositol degradation are simiiar as observed in the 
aerobic system, but the disappearance of those substrates on the 60th day is 
shows higher (99.7･/･ and 95･/･, respectively, Fig. 5.10). From these results, it 
is concluded that myo-inositol is unstable to microbial attack and its degrada-
tion proceeds parallel with that of myo-IP6 dephosphorylation . 
The sediment cores collected from Tokyo Bay show no significant varia-
tion of organic C/P ratios from the surface to 25 cm depth (Fig. 5.11). This 
result suggests that phosphorus and carbon are regenerated at a similar rate 
during decomposition of organic matter in sediments. The value of organic 
C/P ratio in these sediment cores (about 250) is much higher than that found 
in plankton samples collected from Tokyo Bay (90-100, using the data in 
Table 4.4). Krom and Berner (1981) reported similar observations for the 
variation of organic C/P ratios in sediment and plankton samples collected 
from Long Island Sound (330 and 114, respectively). From this it is concluded 
that most of the labile organic P fraction in plankton has been preferentially 
regenerated relative to carbon before burial, both in the water column and in 
the top few millimeters of the sediments. 
L'Annunziata (1 975) suggested that IP6 isomers such as scy/lo-IP6 and 
chiro-lP6 cou[d be synthesized by some microorganisms via ~n epimerization 
of myo-inositol or myo-lP6 in soils. However, the GC analyses for samples of 
the experimental sedimenVseawater systems offer no evidence supporting the 
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epimerization of mjyo-inositol under aerobic and anaerobic conditions 
throughout the experimental period. Accordingly, the scyllo-IP6 and chiro-lP6 
found in Tokyo Bay sediments are mostly ascribed to terrestrial soils, and not 
to epimerization of myo-lP6' In this study, degradation of scy//o-IP6 and 
chjro-lP6 has not been investigated. However, the similar isomeric composi-
tion of IP6 found in Tokyo Bay sediments and terrestrial soils (refer to chapter 
3) suggests that myo-, scyl/o- and chiro-lP6 would get mineralized at similar 
rates during diagenesis. 
It is interesting to note that a difference was observed in degree and 
rate of inositol decomposition under aerobic and anaerobic conditions. Redox 
condition of sediments has been recognized as a key factor controlling the 
early diagenesis of organic matter. For example, Iow preservation efticiencies 
of organic matter are observed in aerobic sediments, and higher efficiencies 
are associated with sediments deposited under anaerobic conditions (Hen-
richs and Reeburgh, 1987; Canfield, 1989; Henrichs, 1992: Canfield, 1993). 
Canfield (1 989) proposed that anaerobic decomposition of organic matter is 
less efficient than aerobic decomposition, although not to a large degree. 
Some organic compounds, such as aromatic or hydrophobic compounds, 
decompose more slowly under anaerobic conditions than aerobic conditions 
(e.g., Atlas, 1981 ; Benner et al., 1984). However, the experimental results 
reported here are not consistent with these previous studies, that is, inositol 
was more eftectively degraded under anaerobic conditions than under aerobic 
ones. Some laboratory studies on remineraiization of algal detritus have not 
found any difference between aerobic and anaerobic decompositions of organ-
ic matter (e.g., Otsuki and Hanya, 1972a,b; Henrichs and Doyle, 1986). It is 
lOl 
likely that oxygen is not the only factor controlling decomposition of organic 
matter in sediments. There are obviously other mechanisms aftecting the 
degree and rate ofprganic matter decomposition. For example, as has been 
discussed in the IP6 mineralization, interaction between the solid phase and 
organic matter may be a key control during diagenetic mineralization. Future 
studies of aerobic and anaerobic mineralization processes are of wide impor-
tance to organic geochemistry. 
5.4 SUMMARY 
Mineraiization of iP6 to inorganic P was studied using experimental 
sedimenVseawater systems. Mineralization of IP6 was observed in the exper-
imental systems, but it was inhibited by the additlon of HgC12' The process of 
IP6 mineralization was, therefore, concluded to be promoted by microbial activ-
ity in marine sediments. IP6 was found to be a labile organic P compound in 
marine environments. The low concentrations of IP6 observed in Tokyo Bay 
sediments was attributed microbial mineralization during early diagenesis. 
The laboratory experiments demonstrated that the mineralization of IP6 
was strongly affected by the redox condition of sediments. Under anaerobic 
conditions IP6 was decomposed almost completely in less than 40 days, 
whereas 50-80'/･ of added IP6 remained in the original form without being 
mineralized under aerobic conditions during a 60 days experiment. In the 
course of the experiment, more than 99･/. of IP6 added to the sedimenVsea-
water systems was found to be in insoluble forms which were probably bound 
to sediment particle surtaces under both aerobic and anaerobic conditions. 
In addition to the IP6 mineralization, the microbial decomposition of 
l02 
inositol　which　is　the’6entral　component　of　IP6molecule　was　examlned　in　the
experimental　systems．The　rate　and　degree　of　inositol　degradation　pro－
gressed　in　parallel　with　those　of　IP6mineralization　in　the　systems，suggesting
that　dephosphorylation　of　phosphate　from　the　IP6molecule　is　accompanied　by
the　decomposition　of　inositoL　Both　IP6and　inositol　are　known　to　be　chemical－
ly　refractory　compounds　resistant　to　both　acid　and　alkali　leaches．The　results
presented　here　reveal　that　the　chemical　stab南ty　of　organic　matter　does　not
assure　their　stabiIity　under　natural　conditions，
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CHAPTER 6 
GENERAL DISCUSSION AND REMARKABLE CONCLUSIONS 
6.1 IP6 IN COASTAL PHOSPHORUS CYCLE 
In all of the world, human activities are leading to degradation of eco-
systems, habitats and species diversity In aquatic environments. The waste 
products of human society, containing nutrients such as P and N, are causing 
severe eutrophication of the aquatic ecosystems of lakes, estuaries and 
coastal areas. Considering eutrophication in coastal areas, primary productivi-
ty has been drastically enhanced with excess load of P and N. Information on 
the input rate, abundance, distribution and cycle of these nutrients is a key for 
understanding the mechanism of eutrophicatlon in coastal areas. Organic P 
compounds act as a large reservoir of the P cycle in coastal ecosystems. This 
study focused on the cycle of organic P in estuarine and coastal environments 
of Tokyo Bay which is known as one of the most eutrophic areas in Japan. 
The surface sediments in Tokyo Bay showed high concentrations of 
organic P accounting for 33-55･/. of the total P. These iarge amounts of 
organic P compounds were mostly derived from in situ produced and terrige-
nous organic matter. The accumulation rate for organic P was estimated to be 
(1 .4=2.3) x 107 mol/yr using the present data and the total P fiux to sediments 
(4.2 x 107 mol/yr) reported by Kamatani and Maeda (1989). This accumula-
tion rate of organic P was three- or four-orders of magnitude lower than the 
production rate of organic P by primary producers in this bay.[(5.8=58) x 108 
mol/yr; refer to Chapter 2]. Thus, more than 95-99･/･ of the organic P pro-
duced jn situ is regenerated to inorganic P by microbial processes in the 
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water column and the top few mi[Iimeters of sediments. The fact that the 
organic C/P ratio in sediments is higher than that of plankton samples indi-
cates preferential regeneration of organic P relative to organic C. Hence it is 
clear that phosphorus cycles rapidly in Tokyo Bay. 
Most of the organic P compounds produced in situ were mineralized to 
inorganic P before burial to sediments. It was therefore expected that a large 
part of organic P buried in coastal sediments was derived from terrestrial 
substances. Knowledge about the abundance and fate of terrigenous organic 
P compounds in sediments is a key to understanding the coastal P cycle. 
Nevertheless, it is very difficult to estimate the contribution df terrigenous frac-
tions in the sedimentary organic P. Unlike C or N, phosphorus has only one 
stable isotope (31P) in nature, so the technique of isotopic characterization is 
unavailable as a tool to evaluate the origin of sedimentary organic P. One 
possible method for evaluating the origin of sedimentary organic P is the iden-
tification and/or determination of organic P compounds which can be ascribed 
to terrestrial substances. Under these circumstances, this study focused on 
IP6 in coastal environments, which is a major P component of terrestrial soils. 
As a consequence, the origin and fate of IP6 in Tokyo Bay sediments were 
determined. A schematic presentation of the IP6 cycle in Tokyo Bay is illus-
trated in Fig. 6.1 . Because IP6 was identified as a minor component of sedi-
mentary organic P, which rapidly disappears in marine environments, the 
compound is not a useful index of terrigenous organic P in coastal sediments. 
However, Fig. 6.1 suggests that the IP6 transported from lan~ to coastal re-
gions plays a role as a potential source of DRP in the coastal P cycle. The IP6 
in soils is transported by rivers to coastal sediments, decomposed by aerobic 
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and anaerobic microbial processes, and finally re]eased to the overlying water 
as DRP. For example, the contribution of IP6 to the DRP cycle in Tokyo Bay 
was quantitatively evaiuated. The input rate of IP6 was estimated to be 8.3 x 
105 mol/yr using data of the IP6 concentration in riverine particles (0.46 ,Imol 
P/g, this study) and the fluvial flux of suspended matter to Tokyo Bay (1 .8 x 
1012 g/yr, Kamatani and Maeda, 1989). This value corresponds to 40'/. of the 
natural (pre-human activities) input of DRP from rivers to Tokyo Bay (19.4 x 
1 05 mol/yr. Kamatani and Maeda, 1 989). 
It has been generally recognized that controlling phosphorus discharge 
from domestic and industria] wastes is needed to prevent eutrophication and 
improve coastal environments. However, the results presented here revea[ 
the importance of another point of view for the model of coastal P cycle and 
related eutrophication. That is, such a model should include the input rate, 
cycle and fate of terrigenous organic P compounds in coastal areas. Terrige-
nous organic P compounds can strongly alter the abundance and cycle of 
biologically available P in coastal areas through mineralization. Further inves-
tigation is needed for the identification and determination of terrigenous organ-
ic P compounds entering to coastal areas. 
6.2 ORGANIC GEOCHEMISTRY OF PHOSPHORUS 
During the course of this study, severa] new insights have been ac-
quired, which may be useful for the further development of phosphorus 
geochemistry. The findings reported here provide clues f.or studying the 
coastal P cycle, and also provide data for geochemistry of P on a global scale. 
In recent years, human activities have caused global environmental 
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changes. For example, fossil fuel burning and deforestation have resulted in 
increased atmospheric C02 concentrations in turns leads to potential changes 
in global climate. The mass of atmospheric C02 represents only 2･/. of the 
total inorganic C in the ocean (MacKenzie et al., 1993), and hence small 
changes in carbon masses in the ocean can dramatically alter the C02 Ievel in 
the atmosphere. Because the marine carbon cycle is intimately linked with the 
primary productivity in the ocean ecosystem, phosphorus is a[so recognized 
as a key element which can affect the atmospheric C02 Ievel and global cli-
mate change over geologic time (for example, Holland, 1978; Broecker, 1982; 
Sarmiento and Toggweiler, 1984; F6lmi et al., 1993). 
Using various literature data, a schematic representation of the global 
phosphorus cycle in the ocean is presented in Fig. 6.2 (Redfeld et al., 1963; 
Graham and Duce, 1979; Froelich et al., 1982; Meybeck, 1 982; Kaul and 
Froelich, 1984: Romankevich, 1984; Mackenzie et al., 1993; Meybeck, 1993). 
This compilation of the literature information shows that two important and 
uncertain parameters exist in the present cycle; Namely, the contribution of 
terrigenous organic P as a potential source of DRP to the ocean, and the 
burial mechanism of organic P from the ocean to marine sediments. 
Recently, it has been suggested that a large amount of DRP can be 
released from particulate matter in rivers as they enter marine systems. For 
example, Froelich (1988) reported that the release of absorbed-reactive P 
from inorganic particles was estimated to be (1 .3-14) x 1010 mol/yr, or 2-5 
times more than the dissolved f[ux alone. Kamatani and Maeda (1989), who 
studied the budget of P in Tokyo Bay, estimated that about 70'/･ of particulate 
P (mainly incorporated with minerals) is dissolved and transported to the outer 
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Rgure 6.2. Oceanic cycle of phosphorus. Fluxes are in 
units of 1010 mol per year. 
DP: dissolved phosphorus, PP: particulate phosphorus, 
DRP: dissolved reactive phosphorus, Fe-P: phosphorus 
absorbed onto iron oxyhydroxydes, CaC03-P: phosphorus 
absorbed onto biogenic CaC03' CFA: carbonate fiuorapa-
tite . 
The consumption rate by marine organisms are estimated 
using the primary production rate in the ocean (Romanke-
vich, 1 984) and the average planktonic C/P ratio (1 06, 
Redfield et al., 1 963). 
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ocean as dissolved P. In addition to PIP, both DOP and POP delivered by 
rivers are also thought to be a potentially important source of DRP to the 
ocean, if breakdown and mineralization of these compounds occurs in marine 
environments. 
In the model shown in Fig. 6.2, the ahount of DRP which might be 
released from terngenous orgamc P Is expressed as "+ a". At present, there 
is no information estimating the a. The results of the present study suggest 
that terrigenous organic P release DRP may be important in marine ecosys-
tems. As mentioned above, IP6 which has been recognized as a stable 
compound can be easily mineralized in coastal environments by microbial 
processes. Difficulties still exists to evaluating a quantitatively, but it should be 
attempted to clarify the fate of terrigenous organic P corripounds in marine 
environments. 
Another uncertainty in the marine P cycle is in the removal pathway to 
sediments, especially the mechanism of organic P burial (Fig. 6.2). Because 
of the quantitative importance of burial as the sink of P from the ocean, many 
studies have been done to clarity the burial mechanism of organic P to marine 
sediments, e.g., establishment and examination of the methods for determina-
tion of sedimentary organic P, size and chemical fractionation of organic P 
compounds, and quantification of some organic P compounds. Despite of 
these studies, the chemical nature and forms of organic P compounds in 
marine sediments are still almost unknown. Some authors, however, have 
speculated IP6 to be an quantitatively important component of organic P 
buried in sediments (Froe[ich et al., 1982; Ingall et a:., 1990). One purpose of 
this study was to confirm this point. The results revealed that IP6 was a minor 
llO 
and/or trace component in surface sediments from Tokyo Bay, despite the fact 
that the area receives large amounts of terrestrial substances containing IP6' 
Furthermore, IP6 was quite svsceptible for microbial degradation during early 
diagenesis. The results obtained in this study show that IP6 is not an impor-
tant reservoir of organic P in coastal sediments. 
Another potentially interesting result of this study was revealed during 
isolation processes of IP6' The presence of organic P compounds was identi-
fied in the first 10 fractions of the anion-exchange chromatograms of ail 
samples studied here: plankton, soils, riverine materials and coastal sedi-
ments (see Figs. 4.4 and 4.5). Since samples were pretreated with acid 
washing and alkaline hypobromite oxidation, the component was, therefore, 
considered to be comprised of chemically refractory organic P compounds. 
Even without data on the analytical precision, accuracy and recovery, the 
amount of P in this refractory component was estimated as the sum of organic 
P contents in the Ist-10th fractions. In Tokyo Bay sediments, the refractory 
component accounts from 4.6 to 15.6･/･ of the total organic P in sediments. 
These concentrations are almost one order of magnitude higher than that of 
IPe Crable 6.1 ). 
Figure 6.3 shows the vertical change in the concentration of the 
component and its percentage for the total organic P in sediment cores from 
Tokyo Bay. In contrast to that of IP6 (Figs. 4.7a and b), no significant de-
crease appears with depth in these concentrations and percentage of the total 
organic P. These results suggest that the unidentified organic P is not only 
chemically refractory, but also microbiologically stable in marine sediments. 
Samples of plankton, soils and sediments showed the presence of this 
lll 
Tabie 6.1 . Concentrations of the unidentified component' 
of organic P found in the anion-exchange chromatographic 
studies. 
Sample umol Plg# 
Coastal sediments 
A 0.99 ( 8.9) 
B1 1 .56 (11 .1) 
B2 1 .44 (1 5.6) 
B3 0.79 ( 6.7) 
C1 1 .55 (1 4.1) 
D1 1 .24 (1 1 .8) 
D2 1.11 (13.4) 
E 1 .03 (10.8) 
F 1 .06 (1 1 .3) 
G 0.34 ( 4.6) 
Plankton 
Tokyo Bay A 54.8 (18.0) 
Tokyo Bay H 68.2 (25.6) 
cultured diatom 78.1 (23.3) 
Soil 
TAi 2.30 (30.7) 
TA2 1.84 ( 9.3) TA3 1.61 ( 9.6) 
TA4 4.85 (14.0) 
TA5 1 .48 ( 8.9) 
ASI 0.90 ( 9.8) 
AS2 4.58 (1 3.5) 
AS3 6.78 (16.0) 
Riverlne samples 
TASS 0.88 ( 9.1) 
TA841 6 
TA841 2 
TA8403 
AR490i 
AR4908 
SU491 3 
SU491 7 
0.55 (10.0) 
0.68 (1 0.4) 
0.74 (1 2.3) 
0.52 (16.0) 
0.74 (1 8.4) 
1 .1 6 (18.0) 
0.77 (1 3.4) 
* rganic P which elutes in the I -1 Oth fractions of anion-
exchange chromatography. ~ 
# the values in the parentheses show the percentage 
for the total organic P. 
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Figure 6.3. Vertical change in the concentration of the unidenti-
fed component of organic P in sediment cores from Tokyo Bay. 
ll3 
component. However, it should be noted that there is no evidence that the 
component isolated from each sample had the same chemical composition. 
Further investigations are needed to characterize and quantify this refractory 
component. 
6.3 REMARKABLE CONCLUSiONS 
The major findings of this study are compiled below. 
1 . Isolation and determination of IP6 isomers in marine sedim ents. 
1) The presence of three iP6 isomers, myo-, scyl[o- and chiro-lP6 was 
demonstrated in Tokyo Bay sediments using hypobromite oxidation, anion-
exchange chromatography, I H-NMR, GC and GC-MS techniques. 
2) The reproducibility of the IP6 determination in sediments was improved by 
subtracting the blank in anion-exchange chromatography. 
3) The RSD of the four replicate analyses of IP6 was 9.9･/･ of the mean at the 
level of 0.1 2 pmol,lP6-P/g. 
4) The recovery of the internal standard of myo-lP6 added to the sediment 
sample was 80.2 :!: I .2･/o. 
2. Origin and distribution of IP6 in coastal sedim ents 
1) IP6 was not found in any planktonic samples: two natural samples collected 
from Tokyo Bay and one cultured diatom sample. 
2) The soil samples collected from the catchment areas of Tokyo Bay showed 
high concentrations of IP6: 0.25-5.65 pmol P/g accounting for 3.3-16.6･/･ of 
the total organic P in soils. -
3) Suspended solids which were col[ected from the Chofu-dam of the Tama-
gawa River revealed the occurrence of a considerable amount of particulate 
ll4 
　　lP61n　river　water（0．46μmol　P／g　for　solids）．
4）Sediments　from　the　estuarles　ofthe　Tamagawa，Arakawa　and　Sumidagawa
　　Rlvers　contained　IP6，moreover，higher　concentrations　were　found　in
　　samples　from　the　upper　parts　of　the　streams．
5）The　distribution　pattem　of　IP6in　Tbkyo　Bay　sediments　was　similar　to　that　of
　　LABs　which　had　been　previously　ident而ed　as　an　index　of　terrigenous　organ－
　　ic　matter　in「「bkyo　Bay．
6）SimHarisomericcomposition　of　IP6was　observed　in　the　samples　ofsoils，
　　riverine　materials　and　coastal　sediments，
3・ル∬oハob石0109短a，dbg旧d旨ガoηof1馬加maがηθeηw加oπmθη13
1）IP6was　quickly　minera“zed　to　inorganic　P　in　the　experimental
　　sedlment！seawater　systems，
2）The　mineralization　of　IP6was　ascribed　to　microbiaI　processes　from　the　fact
　　that　no　mineralization　was　observed　in　the　controI　system　ki”ed　with　HgCI2．
3）The　rateand　degree　ofIP6mineralization　was　strongly　affected　by、the
　　redox　condition　of　the　sediments；under　anaerobic　conditions　lP6was　more
　　effective！y　mineralized　than　under　aerobic　conditions，
4）lnositoいhe　central　component　of　the　lP6moiecule，was　also　degraded　by
　　microbial　processes　at　a　rate　similar　to　that　of　IP6dephosphorylation．
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